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“Perqueé viure és combatre la peresa

de cada instant i restablir la fonda

dimensio de tota cosa dita,

podem amb cada gest guanyar nous ambits

i amb cada mot acréixer I'esperanca.”

Miquel Marti i Pol.

(Primer llibre de Bloomsbury)
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Summary

SUMMARY

Innate immune responses represent the first barrier of defence when a pathogen enters the
organism. Innate immune cells are crucial in the inflammatory response as they are able to
destroy pathogens by themselves, as well as attract and activate a specific and tailored adaptive
response. The most abundant type of innate immune cells is the mononuclear phagocyte
system, which is comprised of monocytes (MOs), macrophages (MACs), dendritic cells (DCs) and
their progenitors. MACs are tissue resident cells with high phagocytic capacity, whereas DCs are
cells with elevated mobility and ability to stimulate and prime naive T cells. During inflammation,
MOs represent an extra source of DCs and MACs, which guarantees defence against external
and internal insults. MOs not only have a role as a reservoir of cells, but they also have an
exclusive function in innate immunity as shown by their own capacity to secrete

autoinflammatory cytokines.

The identity of diverse cells of the immune system relies on different transcriptional
programs triggered by the activation of a broad diversity of transcription factors and the
epigenetic landscape. The sets of transcription factors and upstream signalling pathways
implicated in MO-to-DC and -MAC differentiation have been studied in depth. However, little is
known about the mechanisms that dictate the acquisition of epigenetic changes during
differentiation in these cell types. Terminal differentiation from MOs-to-DCs, MO-to-MACs, and
other related cell types like osteoclasts (OCs), constitutes ideal biological models employed to
investigate the mechanisms by which extracellular stimulation is translated into nuclear

epigenetic control.

This doctoral thesis focuses on the study of the epigenetic mechanisms involved in
different MO-associated differentiation and inflammation processes. We have described the
molecular sequential events that lead to changes in the pattern of DNA methylation, as well as

their significance in the context of inflammation.

Firstly, we have performed high-throughput DNA methylation in MO-to-DC and MO-to-
MAC differentiation and in DC and MAC maturation following bacterial lipopolysaccharide (LPS)
stimulation. Extensive loss of DNA methylation occurs in both MO-to-MAC and MO-to-DC
differentiation processes, whereas only few genes vary their methylation status following LPS
treatment (maturation level). More interestingly, genes that are essential for cell identity were
differentially methylated between MO-to-DC and MO-to-MAC differentiation, in turn, indicating

a possible role of methylation in cell fate determination. Since DC and MAC differentiation differ
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from each other by the addition of IL-4 in the former, we tracked the JAK3-STAT6 pathway
downstream to IL-4. We proved that JAK3/STAT6 axis was the main pathway responsible for
orchestrating changes in genes exclusively DNA demethylated in one of the differentiation
process via a mechanism dependent of TET2 (the enzyme involved in active DNA methylation).
All of these results demonstrate for the first time the cytokine-mediated downstream sequence

of events leading to direct gene-specific demethylation in differentiation of innate immune cells.

Detailed analysis of function of the demethylated genes in MO-to-MAC differentiation
revealed the presence of a subset of genes related to inflammasome function, an essential
cellular complex during inflammation. In our work, we have demonstrated that DNA
demethylation of several inflammasome-related genes takes place during MO-to-MAC
differentiation and MO activation, and that in both cases, DNA methylation is controlled by the
Nuclear Factor Kappa B (NF-kB) pathway. Our study also shows increased DNA demethylation of
those inflammasome-related genes in vitro activated or differentiated MOs from
autoinflammatory disease patients (CAPS and FMF). Overall, these results reveal a potential,
new mechanism by which the regulation of inflammasome function is altered in those CAPS and

FMF patients.

Despite the fact that MO-to-DC and MO-to-MAC differentiation are mainly associated
with DNA demethylation, we have identified the acquisition of de novo DNA methylation in a
few genes in both MO differentiation processes. We have demonstrated that for such genes,
gene expression occurs before gain of DNA methylation; and inhibition of DNMT3b, an enzyme
involved in de novo DNA methylation, does not have effects on gene expression. However,
DNMT3b inhibition causes a loss of surface DC markers, which highlights a role of de novo DNA

methylation in gene expression stabilization needed for a proper phenotype acquisition.

Finally, in order to gain insight into alternative epigenetic regulatory mechanisms
underlying myeloid differentiation, we have characterised miRNA changes in MO-to- DC, MO-
to-MAC, and MO-to-OC differentiation. We have demonstrated that two miRNAs clusters
become upregulated in an NF-kB dependent manner, specifically the miR-212/132 and
miR99b/let-7e/125a clusters. The miRNAs in these clusters are able to cause the specific
downregulation of lineage inappropriate genes, and such inhibition is essential for proper

differentiation process for MACs,DCs and OCs.
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5hmU 5-hydroxymethyluracil
5mC 5-methylcytosine
AD Active Demethylation
AD-AR Active Demethylation Active Restoration
AD-PD Active Demethylation Passive Dilution
AGO Argonaute
AIM2 Absent in melanoma 2
ALR AlIM2-like receptor
ASC Apoptosis-associated speck-like protein, also called PYCARD
BM Bone Marrow
BP Base pair
BS Bisulphite
C/EBP CCAAT/enhancer binding protein
CAPS Cryopirin-associated periodic syndromes
CARD Caspase activation and recruitment domain
CASP-1 Caspase-1
cDC Classical Dendritic Cell
CDP Common DC Progenitor
CaGl CpG Island
Chip Chromatin immunoprecipitation
CINCA/NOMID Multisystem inflammatory disease
CLP Common Lymphoid Progenitor
cMoP Committed Monocyte Progenitor
CMP Common Myeloid Progenitor
DAMP Damage Associated Molecular Pattern
DBD DNA-binding domain
DC Dendritic cell
DNMT DNA methyltransferase
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ERK
FCAS
FMF
GATA1
GFI1
GM-CSF
GMP
HAT
HDAC
HDM
HMT
HSC

JAK
JMID3
INK
LC

LPS
M1
M2
MAC
MAPK
M-CSF
MDP
MHC
miRNA
MO
MPP
MWS
NF-kB
NLR
ocC
PAMP
pDCs

Extracellular signal regulated kinase
Familial cold-induced autoinflammatory syndrome
Familial Mediterranean fever
GATA-binding protein 1

Growth-factor independent 1
Granulocyte-Macrophage Colony-Stimulating factor
Granulocyte Macrophage Progenitor
Histone acetyltransferase

Histone deacetylase

Histone demethylase

Histone methyltransferase
Haematopoietic Stem Cells

Interleukin

Janus Kinase

Jumonji domain-containing 3

cJun N terminal kinase

Langerhans cells

Lypopolysaccharide

Classically Activated Macrophages
Alternatively Activated Macrophages
Macrophages

Ras-mitogen-associated protein kinase
Macrophage Colony-Stimulating Factor 1
Common Macrophage Dendritic Cell Progenitor
Major Histocompatibility Complex
microRNA

Monocyte

Multipotent Progenitor

Muckle-Wells syndrome

Nuclear Factor Kappa B

NOD-like receptor

Osteoclast

Pathogen-Associated Molecular Patterns

Plasmacytoid dendritic cells
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PRR Pattern Recognition Receptors
RANKL Receptor activator of nuclear factor kappa-B ligand
RISC RNA-induced silencing complex
RUNX1 Runt-related transcription factor 1
TAL1 Stem-cell leukemia factor

TF Transcription factor

TLRs Toll-Like Receptors

TNF Tumour necrosis factor

TSS Transcription Start Site

Tyr Tyrosine
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Introduction

1 INTRODUCTION

1.1 The Hematopoietic System

Haematopoiesis is the formation of blood cells, including all cellular components of the immune
system and is dynamic both in time and space during vertebrate development. A first wave of
haematopoiesis occurs during embryonic development, creating primitive nucleated red blood
cells that are able to provide oxygen to the embryo. However, not all different adult blood
populations are generated during this first developmental stage, and a second independent
hematopoietic wave appears within the formation of the embryo. During this second definitive
haematopoiesis, which is maintained in the bone marrow during its entire life, haematopoietic

stem cells (HSCs) are able to create the different blood cell types. *

HSCs are multipotent cells with self-renewal capacity that are sustained at nearly
constant levels in an adult. HSCs are a heterogeneous cell population, and distinct
subpopulations of HSCs have recently been described to be located in different specialised
niches in the bone marrow (BM). Those niches supply the environmental conditions for the

proper development of particular kinds of stem cell and progenitors. 2

To produce mature blood cells, HSCs progress into sequential steps where they lose
pluripotency and self-renewal capacity as they gain in specialisation. In the first stage, HSCs
differentiate into multipotent progenitors (MPPs) that retain the pluripotency of HSCs but
diminish their self-renewal characteristics. Secondly, committed progenitors with decreasing
pluripotency appear, dividing the immune system into two main branches: the lymphoid and
the myeloid lineage. Lymphoid cells, such as B and T lymphocytes, come from a common
lymphoid progenitor (CLP), whereas the majority of myeloid cells (including monocytes (MOs)
and macrophages (MACs)) are derived from a common myeloid progenitor (CMP). A third
progenitor that is able to produce different populations of dendritic cells (DCs) has also been

characterised (CDP from common DC progenitor) 3
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Figure 1-1 Transcription factors and epigenetic regulators of hematopoietic cell differentiation.

This figure shows the main stages of hematopoietic differentiation, with special emphasis in the
myeloid branch (in the central horizontal axis), indicating the key transcription factors (yellow boxes)
and epigenetic enzymes that could be involved at each stage. Enzymes that participate in DNA
demethyation events are shown in blue boxes, histone deacetylases are shown in orange boxes, and
histone acetyltransferases are shown in green boxes.

1.1.1 The Innate and Adaptive immune response

The coordinated action of lineage-determining transcription factors (TF) together with the

epigenetic machinery, allows the establishment of highly differentiated hematopoietic lineages

that orchestrate immune responses. The myeloid branch comprises cells such as MOs, MACs or

granulocytes mainly involved in the innate immune responses, whereas, the lymphoid branch

includes lymphocytes that undergo clonal expansion and are responsible for adaptive immunity.

The innate immune system assumes the first cellular response against pathogens once

chemical and physical barriers are exceeded. There are three scenarios in which the innate

immune system is triggered, all of which are identified in terms of recognition: recognition of

“microbial nonself”, recognition of “missing self” and recognition of “induced or altered self”.
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The “microbial nonself” strategy consists of the host’s ability to recognise conserved
molecular patterns that are essential products of microbial physiology and that are not produced
by the host. These prototype structures are referred to as pathogen-associated molecular
patterns (PAMPs). We need to bear in mind that in spite of their name, these structures are also
present in non-pathogenic microorganisms. The innate immune cells sensors for such structures
are called pattern recognition receptors (PRR) and can be secreted, transmembrane and
cytosolic. A good illustration of the innate immune system specific recognition machinery is the
Toll-like receptors family (TLRs) *°. TLRs are a family of transmembrane PRRs activated by
different external signals that switch on several internal signalling pathways of the host cell,
including those pathways that activate TF like CREB or Nuclear Factor Kappa B (NF-Kb). On the
other hand, the “missing self” approach relies on the detection of markers of normal cells that
are able to inhibit the activation of the immune response. For example, natural killer cells
eliminate cells expressing low quantity of Major Histocompatibility Complec (MHC)-I due to viral
infection or cancer transformation, functioning as a signal of cell lysis under these circumstances
®. The last recognition approach is the “recognition of induced self”, which comprises the
elimination of the cells by the recognition of markers of abnormal self that are induced upon
infection and cellular transformation. Endogenous stress signals detected as risk alarm are called
damage-associated molecular patterns (DAMPs). An example of DAMP is the ATP when is

located in the extracellular space due to a catastrophic disruption of the cell ’

Once the insult is recognized by the innate immune system, innate immune effector
cells are activated. Innate immune effector cells involved in different responses with a high
range of specificity are found: from cells able to destroy pathogens by phagocytosis (such as
neutrophils or MACs) to cells like basophils, involved in the facilitation of the transmigration of
immune cells by affecting vascular cells. Natural killer and MACs are specialized in secreting
cytokines with the capacity to attract other immune cell types and to stimulate the cellular
immune innate response. Plasmatic proteins (also known as acute phase proteins) are mainly
produced in the liver and attracted to the inflammation site. These molecules include
complement proteins and single antimicrobial molecules (such as the C-reactive protein), that
are activated by interaction with microbes and are able to turn on immune innate effector cells.
This inflammatory environment also triggers the activation of the adaptive immune system by
DCs in the majority of cases. DCs are cells of the innate immune system attracted to areas of
inflammation and specialized in the phagocytosis of the pathogen and their presentation and

subsequent activation of the lymphocytes. DCs bridge both the innate and adaptive immune
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system, as they are cells from the innate immune system able to activate the most specialized,

antigen specific and effective responses mediated by the adaptive immune system.

In order to present antigens to the adaptive immune system, DCs evolve from immature
antigen-capturing cells to mature antigen-presenting cells. During DC maturation, DCs convert
antigens into immunogens to be presented, and express molecules such as cytokines,
chemokines, costimulatory molecules, and proteases needed to initiate the adaptive immune
response. As DCs mature, they acquire the properties necessary to form and transport peptide-
loaded MHC class Il complexes to the cell surface®, a process which coincides with increased
expression of costimulatory molecules, such as B7-1/CD80 and B7-2/CD86. Mature DCs also

have the capacity to present antigens through MHC-I, a phenomena called cross-presentation.

The adaptive immune response includes the production of antibodies by B lymphocytes
and the generation of specific T cell clones, which are responsible for the direct destruction of
cells infected by the antigen and the activation of cells involved in this purpose. The required
diversity of B lymphocytes and T cell clones is produced during lymphocyte maturation. The
ability to display antigen-specific responses depends on the process of somatic recombination,
which is also known as V(D)J recombination °. Somatic recombination refers to the process of
DNA recombination whereby the functional genes that encode for each antigen-specific
receptor are built (BCR and TCR for B and T cells, respectively). This rearrangement generates a
high repertoire of Band T clones with unique antigen-receptor that are able to react specifically
to a wide variety of insults. In subsequent steps of B and T cell maturation, only those
lymphocytes whose receptors bind to high affinity to the major histocompatibility complex
(MHC) will remain through positive selection; in addition, potentially autoreactive lymphocyte
clones will be removed by negative selection. In B cells, the affinity and specificity is improved
after the contact of the insult via the processes of Class Switch Recombination (CSR) and Somatic

Hypermutation (SHM).

B and T cells present immunological memory, which means that an initial response to a
specific pathogen brings about an enhanced response in subsequent encounters with the same
insult. The adaptive memory is created due to the production and expansion of specific Band T
cells clones after antigen recognition by specific T and B cell receptors in an adequate context.
These cell clones are called B and T memory cells and are stored in the body until a future contact
with the aggressor, triggering a faster and more efficient response. Adaptive memory
guarantees lifelong protection to re-infection with the same pathogen due to a rapid clonal

expansion of the memory T and/or B cells. 1°
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Adaptive immunity involves strong, highly specific and long-term responses, and their
activation must be finely regulated. To ensure the action of adaptive responses only when they
are strictly necessary, antigen presentation by DCs needs to occur in the context of
inflammation, as only in those conditions the costimulatory molecules are expressed.
Conversely, when antigen presentation is achieved in the steady-state conditions, DCs remain
inactive (without expressing costimulatory molecules) which might lead to T cell anergy and

tolerance !

To ensure the action of adaptive responses only when they are strictly necessary, a
complex network of TFs act together at different stages. Decisions depend on the context where

they are taken, so the contribution of epigenetic factors acquire more relevance.
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Figure 1-2 Response of the Immune System against pathogen infection

Innate immune responses are the first barrier against an insult. Innate effector cells are able to
phagocyte the antigen, eliminate dysfunctional cells, and secrete cytokines and chemokines, which
attract and activate other innate immune cells. In this way, inflammation is initiated (left panel) and
plasmatic components such as complement proteins are activated. DCs activated in the inflammatory
context are able to migrate to lymph nodes where they present the antigen to the B and T lymphoid
cells, triggering the specific adaptive responses mediated by them (middle panel). B lymphocytes are
responsible for producing antibodies that bind and neutralise the antigen. In turn, T lymphocytes bind
in a specific way to the antigen and are in charge for orchestrating the immune responses by activating
other cells of the immune system (T helper) or to direct killing of infected or damaged cells (T effector).
Another subset, the regulatory T-cells, are able to maintain immune homeostasis via inhibition of
differentiation and activity of pro-inflammatory T helper cells (right panel).

1.1.2 The mononuclear phagocyte system

The myeloid lineage comprises innate immune cells such as mast cells, MOs, phagocytes (MACs,
neutrophils and DCs), basophils and eosinophils. A very dynamic and plastic group of cells in this
lineage is represented by the mononuclear phagocyte system, which includes MOs, DCs and

MACs.

1.1.2.1 Monocytes

MOs represent 10% of the nucleated cells in blood, with considerable marginal pools in the
spleen and lungs that can be mobilised on demand >3, Blood MOs (especially the classical
subset of CD14" cells) present a short half-life of approximately 20 hours'* and have been
considered for years as a transient precursor reservoir for tissue-resident mononuclear
phagocytes. Investigations into mononuclear phagocytes over the last decade have allowed us
to see MOs not only as a source of MACs and DCs, but also as cells that present functional

diversity and play a critical role in pathogen defence and inflammatory diseases.

As part of the granulocyte-MAC lineage, MOs originate from bone marrow CMPs that
are able to differentiate afterwards into the granulocyte MAC progenitor (GMP). They
subsequently differentiate into the common MAC DC progenitor (MDP) and ultimately turn into
the committed MO progenitor (cMOP). > Under inflammatory conditions, an extra-source of
MOs might be needed and, in this case, the spleen is the organ responsible for supplying MO

precursors. 1

Although several transitional states of MOs have been reported ¥/, human MOs have
been divided classically into two main subpopulations: CD14* MOs (which can be further
subdivided into distinct populations differentiated by the expression of CD16) and CD14"°“CD16*
MOs. Human CD14"* cells represent “classical MOs”, that migrate to sites of inflammation where
they act as a precursors to peripheral mononuclear phagocytes . Human CD14" cells resemble

Ly6C" inflammatory murine MOs *2. By contrast, “patrolling MOs” defined in mice as Ly6C'*" are
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equivalent to human CD14"°“CD16* MOs and are involved in surveying endothelial integrity *%°.

The origin of CD14"" cells in steady state conditions seems to be the CD14* MOs, which under
several environmental signals differentiate from classical to patrolling MOs. Indeed, there are
some authors who consider CD14"" cells as terminally differentiated blood-resident MACs

rather than bona fide MOs 2.

Under inflammatory conditions, an extra supply of MOs is needed for a proper response,
with elevated MO egress from the BM into the circulation, in a way that is dependent on the
binding of the CC-chemokine receptor 2 (CCR2) to their ligands (CCL2, CCL7 and CCL8) 2. Once
in circulation, the function of inflammatory MOs remains poorly defined but is probably related

to their high phagocytic capacity, as well as their ability to readily access all organism and tissues.

MOs are able to detect the microbial-derived products and respond by expressing
microbicide molecules, and to secrete proinflammatory cytokines (in particular tumor necrosis
factor (TNF)-alpha, IL-1, IL-18, IL-12) and chemokines (CCL3, CXCL9) that swiftly activate innate
immune responses 2. Moreover, in inflamed tissues, MOs orchestrate the host’s antimicrobial

protective responses through the differentiation into MACs and DCs 3,

1.1.2.2 Dendritic Cells

DCs are BM-derived cells specialized in antigen presentation that are found in the blood,
lymphoid, interstitial, and epithelial tissues. DCs express the machinery necessary to detect
potential pathogenic molecules and process them into short pieces called antigens that fit the
MHC cleft and could then be presented to lymphocytes to establish an Ag-specific response. DCs
bridge the initial recognition of antigens with the specific cell- and antibody mediated clearance,

hence being able to direct the type, magnitude, and specificity of the immune response.

DCs were originally identified by Steinman and Cohn for their unique stellate
morphology, their capacity to attach to surfaces, and their superior capacity to prime naive T
lymphocytes, which is what distinguished them from MACs2*%. Nowadays, DCs are still defined
by their great capacity to migrate from non-lymphoid organs and to activate naive T cell
response, as well as for their high expression of MHCII and the integrin CD11c?. In the majority
of cases, this definition is appropriate to define DCs as a new lineage. Nevertheless, some cells
acquire characteristics from other lineages during inflammation, which makes immunologists
reconsider the exclusive identity of the DC?. For example, the function of DCs is very
heterogeneous and not limited to presenting antigens to T cells, as DCs can also activate

adaptive responses by releasing cytokines, such as IL-12%8%°,



Introduction

To solve the problem of DC classification, some researchers support the hypothesis that
DCs, together with MACs and MOs, should be classified according to their ontogeny, since
exclusive precursors for each cell type have been defined 332, As established by the classical DC
development diagram, MOs and DCs are generated by the MDP progenitor that give rise to
common DC progenitors that are restricted to the production of the main DCs subsets [named
classical DCs (cDCs) and plasmacytoid DCs (pDCs)]. cDCs arise from intermediate progenitors,
which exist in the BM and migrate through the blood towards peripheral tissues where they

complete differentiation, whereas pDCs terminally differentiate in the BM.

The cDCs are short half-lived (approximately 3-5 days) cells with an enhanced ability to
sense tissue injuries, capture environmental- and cell-associated antigens, process them, and
present phagocytosed antigens to T lymphocytes. In humans, cDCs are divided into CD141hi DCs,
which resemble murine CD8+/CD103+ DCs, and CD1c+ DCs whose murine counterparts are
defined by a CD11b+ marker expression. CD141hi DCs are functionally specialised in activating
through the MHC class | receptor the CD8+ T cells, that is the T cell subset involved in destroying
infected or malignant cells*. On the other hand, the CD1c+ DCs seems to be involved in naive
CD4+ T priming 34, that is the T cell subset involved in the regulation of immune responses by

suppressing or promoting some immune responses.

In turn, pDCs have a variety of proinflammatory and tolerogenic functions. In particular,
pDCs have specialised in releasing type 1 interferons in response to viruses 3, following
activation through nucleic acid-sensing TLRs, such as TLR7 and TLR9. Without stimulation, pDCs
seems to be tolerogenic and are implicated in inducing T-cell anergy and promoting regulatory

T-cell development 3.

Under steady state situations, the main function of a DC is to phagocytose while
maintaining their ability to present antigens to T cells. However, due to the lack of a coactivator
expression, antigen presentation by steady-state DCs might lead to T cell unresponsiveness and
might promote tolerance in the absence of co-activation 3. This scenario completely changes
under inflammatory conditions: after a transient increase in antigen-uptake, changes in
endosomal trafficking and antigen processing lead to increased presentation. Along with an
upregulation of co-stimulatory molecules, this results in efficient T-cell stimulation. Moreover,
during inflammation, MOs might be a source of DCs with inflammation-prone nature, creating

so-called inflammatory DC (infDCs).

InfDCs differentiate from MOs during inflammation® and are characterised by their

ability to prime T cells and to migrate from tissues to lymph nodes using the chemokine CC

10
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receptor (CCR)7-dependent 8. The type of T cell response that they induce (which can be either
a CD4+ or CD8+ response) appear to be plastic and depends on the inflammatory environment
and type of infection®™!. Moreover, infDCs have also been shown to stimulate effector or
memory T cells locally in the inflamed tissue *2. Although the vast majority of studies have been
performed in murine models, the human counterpart of infDCs has been identified in

pathological inflammatory diseases, such as arthritis, and in tumour ascites®.

1.1.2.3 Macrophages

MACs are a heterogeneous population of phagocytic mononuclear cells of the immune system
with a dual role in the induction and resolution of inflammation. In tissues, MACs are organised
into defined patterns with each cell occupying its own territory, a type of tissue within a tissue.
Their response would acquire a lower or higher inflammatory shade depending on the MAC
context and tissue.

Elie Metchnikoff discovered MACs in the 19" century from his observations of
phagocytosis during tissue inflammation **. In the 1960s, van Furth proposed that all tissue
MACs were originated from circulating adult blood MO terminal differentiation in both, steady
state and inflammation®. Although there was some evidence that tissue MACs are independent
of circulating MOs***’ it was not until recently that many resident tissue MACs were

demonstrated to have an embryonic root #84°

To date, it is accepted that despite the diverse origins of tissue-specific MACs
populations in adults, the majority of tissue-resident MACs have embryonic progenitors in
steady-state conditions °°. This is the case of brain microglia cells that are derived from yolk sac
MAC progenitor cells, which suggest an embryonic hematopoietic wave before the development
of HSCs that give rise to definitive haematopoiesis in an adult *. Unlike the brain, which
exclusively contains yolk sac-derived microglia, other tissues such as alveolar and cardiac MACs
include discrete MAC populations with mixed ontological origins °*2. On the other hand, in
tissues such as the intestine or the skin, there is a high dependence on MOs as a source for
MACs. Not surprisingly, those tissues are constantly in contact with microorganisms derived
products. Some authors propose that in these tissues exist what they called a prime homeostasis
>3 which means a constant presence of commensal microorganisms that may be causing low-
grade chronic inflammation. In contrast to steady state, MO contribution to MAC differentiation

is sharply increased under inflammatory conditions * .

Additionally, MACs may also give rise to another identical cell type and the proliferation

of MACs is indispensable for sustaining MAC numbers under homeostatic conditions as well as

11
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their replenishment after a severe depletion >*. This phenomenon of MAC expansion increases
under stress and shifting conditions, like in atherosclerosis °>, and also in some non-pathological

conditions, such as in wound healing of skeletal muscle %4°¢

MACs have been categorised into classically activated (or M1) and alternatively
activated cells (or M2), depending on the conditions of their activation state. M1 MACs are
associated with pro-inflammatory situations, as they develop in response to pattern-recognition
receptors from bacteria and viruses that allow them to secrete high amounts of
proinflammatory cytokines, such as TNFa or other molecules like nitric oxide. Conversely, M2
MACs develop in response to type 2-associated immune mediators (such as interleukin-4 (IL-4)
and IL-13), and are implicated in responses to parasitic infection, tissue remodelling,
angiogenesis and tumour progression through the production of anti-inflammatory cytokines or

the immunosuppressive enzyme arginase 1>,

Despite the well-defined dual behaviour of MACs generated in vitro, this nomenclature
is too simplistic when applied to the range of MACs generated in vivo and MACs develop high-
range transition states between M1 and M2 phenotypes when residing in a tissue %°°, Future
approaches addressing changes at the single cell level would allow to characterise these

populations in more detail.

1.1.2.4 Monocyte-derived differentiation processes.
Terminal differentiation from MOs to DCs, MACs, and other related cell types, such as
osteoclasts (OCs), represent excellent models to investigate the dynamics during terminal

myeloid differentiation given the difficulty of isolating some of the human myeloid precursors.

DC differentiation from peripheral human MO takes place following exposure of MO to
Granulocyte-Macrophage Colony-Stimulating factor (GM-CSF) and IL-4. In contrast to mice, in
humans, the presence of IL-4 during the DC production is crucial for a proper differentiation
from MOs®. The addition of both factors to the medium is enough to activate the pathways
that are able to produce a DC immature phenotype, which is usually activated by adding

lipopolysaccharide (LPS) to the media, recapitulating the gram-negative infection bacteria.

In the case of MO to MAC differentiation in humans, the Macrophage Colony-
Stimulating Factor 1 (M-CSF) is the classically employed cytokine. Once MACs are differentiated,
their polarisation can be induced by incubating cells with molecules that are able to induce TLRs
signalling, such as LPS, or by culturing cells in the presence of cytokines such as IL-4, IL-13, IL-10
or transforming growth factor-B, among others®!. MAC differentiation from MOs in humans can

also be stimulated in the presence of GM-CSF, exhibiting in this case an amplified response

12
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similar to M1 polarizing stimuli. GM-CSF treated cells that are stimulated afterwards with LPS
or/and IFNy produce high levels of proinflammatory cytokines such as IL-23, IL-12, TNF, IL-1B

and IL-6 °.

Another MO-derived differentiation process is in vitro osteoclastogenesis. OCs are cells
of haematopoietic origin that are uniquely specialised in bone destruction, playing in bone
dynamics under physiological conditions. This differentiation process is exacerbated in the
context of rheumatoid arthritis and in bone metastasis. Osteoclastogenesis pathway depends
on M-CSF and receptor activator of nuclear factor kB ligand (RANKL), which can be used to in

vitro induce OCs from peripheral blood MOs .

Finally, MOs can also become activated acquiring an inflammatory phenotype. In this
case, several stimuli that engage TLRs or IL-1R (such as LPS or IL-1B) trigger the release of some

inflammatory cytokines 5.
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Figure 1-3 MO-related differentiation and inflammation processes in vitro.

Freshly isolated MOs from blood donors, can be in vitro differentiated to MACs and DCs by adding
GM-CSF (or M-CSF) or GM-CSF + IL-4 respectively. What is notable here is how only the presence of
one cytokine (IL-4) is able to produce two cellular types with specific functions. Both cellular types
(MACs and DCs) are activated via TLR4, which is mediated by LPS. Another inflammatory cell type
involved in bone degradation, the OCs, can also be derived from MOs in vitro with the addition of M-
CSF and RANK-L. On the other hand, MOs activated phenotype characterised by the activity of the
inflammasome and the cytokine secretion is produced by LPS or IL-1B addition to the media for 24h.

13
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1.2 Gene regulation in myeloid differentiation and function

During hematopoietic differentiation, cells regulate their genetic information in a very specific
and timely manner to guarantee a correct stepwise differentiation from progenitors in the BM
to fully differentiated cells in circulation and tissues. This control of gene expression depends on
the interplay between TFs and other ways of control like epigenetic regulation and post-

transcriptional control mechanisms (such as non-coding RNAs).

1.2.1 Transcription Factors

TFs are nuclear proteins that generally bind to specific DNA sequences controlling the rate of
transcription of DNA to mRNA. While some TFs bind to DNA promoter sequences and help to
form the transcription initiation complex, other TFs bind other regulatory sequences, such as
enhancers, and can modulate the transcription of the related gene. By contrast to promoter
regions which are localized subsequently to transcription start site (TSS), enhancers can be
situated thousands of base pairs (bp) upstream or downstream from the TSS of the gene being
transcribed. TFs have been classically classified in different classes and families following their

sequence similarity and the tertiary structure of their DNA-binding domains (DBD) (table 1.1)

65,66,67
Table 1-1

Rank denomination Definition Example
Superclass General topology of the DBD Helix-turn-helix domains (Superclass 3)
Class Structural blueprint of the DBD Tryptophan cluster factors (Class 3.5)
Family Sequence and functional similarities Ets-related factors (Family 3.5.2)
Subfamily Sequence-based subgroupings Sp1-like factors (subfamily 3.5.2.5)
Genus TF gene PU.1 (Spi-1) (Genus 3.5.2.5.1)

Table 1-1 Hierarchical TF classification.
Five-level taxonomy of TF comprising the ranks superclass, class, family, subfamily and genus based
on the TFClass online tool %67, An example of PU.1 classification is shown.

Interestingly, it is also possible for the same DNA sequence to be bound by more than one
factor, and those factors binding the same DNA sequence do not necessarily share a common
DBD. For instance the TFs CTF/NFI and C/EBP (CCAAT/enhancer binding protein) both bind to
the CAAT box sequence, however they achieve binding via completely different DBDs, with

C/EBP having a basic DBD and CTF/NFI has a DBD distinct from that of any other factor .

In order for TFs to regulate transcription, they must interact with other factors or with the

RNA polymerase itself, thus establishing multiprotein complexes that can influence transcription

14
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either positively or negatively. Indeed, in some cases, TF do not bind directly to the DNA, but

instead, act through the interaction with other TF °

Activation of gene expression by TFs can occur at different levels of transcription process
to stimulate transcription. For example, activating factors can disrupt chromatin structure to
allow other activating factors to bind, stimulate the rate of transcriptional initiation so that more
RNA transcripts are initiated, and can also stimulate transcriptional elongation. These processes
can be combined together in different ways. ’° Furthermore, although many TFs act in a positive
manner, TFs can also exert inhibitory effect on transcription initiation. This effect can occur by
indirect repression in which the repressor interferes with the action of an activating factor, so
preventing it to stimulate transcription. Alternatively, it can occur via direct repression in which
the factor reduces the activity of the basal transcriptional complex. As with transcriptional
activation, transcriptional repression can also occur via the alteration of chromatin structure or
at the level of transcriptional elongation’®.Moreover, two positive factors can also repress one
another if they compete for the same co-factor. In some cases, one TF can be activator or
inhibitor depending on the context, a mechanism that may occur through the TF interaction with

different chromatin remodeling activator and/or repressor chromatin remodeling proteins .

TFs play a central role in a number of biological processes producing, for example, the
induction of specific genes in response to particular stimuli as well as controlling the cell type
specific regulated expression of genes that give rise to cellular identity during differentiation.
Regulation of TF can occur either controlling the synthesis of the TF or regulating the activity of
the factor only when required. Modulating the activity of TF is a rapid and flexible mean of
regulate a particular factor, thus allowing a direct linkage between the inducing stimulus and
the activation of the factor. One example of the activation of a TF by a biological stimulus is the
activation of p65 subunit of the NF-kB complex by the LPS, produced by its dissociation from kB

and its subsequent phosphorylation.

1.2.1.1 Transcription factors in Myeloid Identity, Function and Ontogeny

The formation of myeloid cells is orchestrated by a highly regulated network of TFs, which
mediate the activation and repression of different set of genes through the different steps of
myelopoiesis, and the subsequent establishment of the different myeloid lineages. Among the
most relevant TFs stands PU-1 72, CCAAT/enhancer binding proteins (in particular C/EBPq,
C/EBPB and C/EBPy) 7*77>, growth-factor independent 1 (GFI1) 7%, and interferon-regulatory
factor 8 (IRF8) 77, and, at the stem-cell level, runx-related TF 1 (RUNX1) 78 and stem-cell leukemia

factor (TAL1) 7%, as well as other factors, including JUNB, Ikaros and MYC 882,
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PU.1lis one of the TFs with more relevance during myeloid differentiation that, as shown
in Table 1, is a member of the large ETS family whose expression is restricted to blood cells, and
is essential for phagocyte system cells. PU.1 is activated by the major MO/MAC lineage regulator
CSF-1R in MO and MACs, and the PU.1 relevance in those cells is illustrated by the fact that its
deletion in mice results in a deficiency of all subtypes of MACs, as well as MO alterations *°. PU.1
is also relevant during DCs commitment, which is reflected by the observation that transgenic
mice with PU.1-deficient hematopoietic cells have fewer CD11b+ and CD8+ ¢DCs than those

reconstituted with wild-type BM.

In both MACs and DCs, PU.1 is not the only relevant TF in cellular commitment, and
other TF, such as MAFB® as well as other members of the ETS family (Ets2) are also involved in
MAC differentiation. On the other hand, Ikaros and STAT families, are examples of TF responsible

for DC commitment 8478687,

The diversity of MACs and DCs is also reflected in the fact that different subsets of
MAC/DCs depend on the use of different TFs. In this line, TFs such as Gata6 and Spi-c, seem key
in defining several subsets of MAC with a different range of unique activities #2°. Moreover,
MAC polarization is also determined by a different subset of TFs. For example, STAT1 is an
essential mediator of M1 MAC polarization in the presence of IFNy °’. By contrast, STAT6 is
required to drive M2 MAC activation during Tu2 cell-mediated immune responses in the

presence of IL-4 and/or IL-13°7.

There is also a high spectrum of TFs that are specific of each DC subset. For example, it
is possible to distinguish pDCs from cDCs in this way: the dependence on pDCs in the E2-2 TF
occurs during the development of pDCs but not in ¢cDCs °°. Another illustration of TF specificity
is Zbtb46, which is present in preDCs and differentiated cDCs but absent from pDCs or their

precursors, as well as MACs and resting MOs®?.
1.2.1.1 Transcription factors in monocyte-associated models

MO-derived cells can be cultured in the presence of cocktails of cytokines that are able to
activate cellular signals that trigger the activation of TFs that will drive MO cell differentiation or
activation. The sole presence of GM-CSF (or M-CSF) in the media is able to induce a set of TFs
that allow the differentiation of MO to MAC, and the combination of GM-CSF and IL-4 induces a
different set of TF that leads to DC differentiation. In the presence of LPS, another TF subset is
activated allowing DC/MAC to become active. On the other hand, MOs have specific functions
on their own when they become activated by LPS or IL-1B, both signaling through common

mediators that converge in the activation the same set of TFs. All those processes are clear
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examples of how a stimulus is able to efficiently regulate the activation of different TF that will
give rise to different pattern of gene expression, allowing cellular differentiation or activation to
occur in the immune system context.

GM-CSF binds to GM-CSFR (present in myeloid cells) which activates receptor-
associated Janus Kinases (JAKs) (predominantly JAK2) that will activate several TFs. In more
detail, JAK2 activation results in the activation of the STAT family of TFs and the p65 subunit of
the NF-kB complex, which enters into the nucleus and binds to DNA%2. Moreover, JAK2
activation, triggers Ras-mitogen-associated protein kinase (MAPK), and phophoinositol 3-kinase
(PI3K) pathways®3, which result in the activation of TF such as c-Fos and c-Jun or NF-kB.

In turn, IL-4 binds to the IL-4 receptor, resulting in activation of the Jakl and Jak3
Tyrosine (Tyr) kinases, thus causing the recruitment of signalling proteins to the receptor
complex and the activation of signal transduction ®. The axis JAK3-STAT6 is one of the most
studied pathways activated by IL-4. In this case, IL-4R phosphorylation induces the recruitment
of STAT6, which is in turn phosphorylated by JAK3 in their Tyr residues. This phosphorylation
activates STAT6, thus allowing the binding to another STAT6 and forming a dimer that is
translocated into the nucleus and binds to DNA in order to regulate gene expression °. Because
of their exclusive activation by IL-4 (and not by GM-CSF), STAT6 is a differential factor between
in vitro MO-derived DCs and MACs, and might be clue to define the different cellular identity
between both cell types. As a consequence, the study of the regulation and activation of this TF
in the context of myeloid differentiation is relevant for the modulation of both cell types during

inflammation.

The STAT family of TFs are DNA binding proteins active under phosphorylation in their
Tyr residues, which share certain functional domains between them ¢ . The SH2 domain plays
an important role in association between STATs and the activated receptors, and variability in
these domains determine the selectivity of STAT recruitment to various cytokine receptors °°.
Another important region of the STATs is a conserved Tyr approximately 700 residues from the
N-terminus. Once phosphorylated by activated Jaks, this Tyr allows STAT proteins to form dimers
due to the interaction between the SH2 domain of each STAT and the phosphorylated Tyr on
the other. N-terminus is also involved in the oligomerisation of STAT dimers to form potentially
highly ordered oligomers, which are observed in some STATs such as STATS °7°8 The DBD is
located in the middle of the sequence that is variable between STATs and confers selectivity to
their targets. Finally, the C-terminal region of STATs is the transcriptional activation domain. In

the case of STAT6, the residues involved in cytokine receptor binding and dimerisation have

been identified in the SH2 domain %. Moreover, a STAT6 mutant (STAT6VT) has been found that
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is able to be activated independently of IL-4 stimulation 1°°. More specifically, STAT6VT carries
two amino acid changes in the SH2 domain that affect the overall structure and stability of the
monomeric and dimeric proteins. When overexpressed in mammalian cells, STAT6VT enters to
the nucleus, binds DNA and activates transcription in the absence of IL-4 stimulation. This
mutant is relevant to study the downstream effects derived from STAT6 activation in the context

of DC versus the MAC counterpart differentiation.
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Figure 1-4 GM-CSFR and IL-4R cell signalling pathways.

GM-CSF binds to GM-CSFR, resulting in the activation of members of PI3K-Akt, MAPKs, STAT5 and NF-
kB pathways, which promote cellular differentiation in the context of MOs cells through the activation
of different subsets of TF. On the other hand, IL-4 binding to IL-4R, causes P13K-Akt, MAPKs and STAT6
signalling pathways activation; together with GM-CSF pathway in the context of MOs, this drives DCs
differentiation.

Several molecules, usually from microorganisms, can trigger the activation and
maturation of innate immune cells, one of which is LPS, a glycolipid complex that is a major

component of Gram-negative membranes and that binds TLR4 receptor 1%

In more detail, in
the presence of LPS, the dimerisation of the two TLR4/MD-2 complexes in the extracellular space
is produced, likely facilitating the dimerisation of the TLR4 intracellular TIR domain that

subsequently initiated TLR signalling 1°2. This signalling results in a rapid activation of the NF-
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kB and MAPK-dependents pathways that lead to the activation of some TF like C-JUN, C-FOS or
p65 1% and the subsequent production of pro-inflammatory cytokines such as tumour necrosis
factor (TNF)9419 TLR4 is also internalised into endosomes which through their signal stimulates

sustained NF-kB activity and also triggers TF, such as IRF7 or IRF3, to promote type 1 IFN
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Figure 1-5 The TLR4 and IL-1R cell signalling pathways

Upon ligand-induced TLR4 and IL-1R dimerisation, the MyD88- dependent signalling pathway is
activated. Activated IL-1R or TLR4 associates with a cytoplasmic adaptor molecule, MyD88, which
mediates the association with IRAK proteins. Subsequently, multiple transcription factors, including
MAPK, IRFs and NF-kB are activated. In turn, TLR4 can be internalised into endosomes and signal by

the MyD88-independent pathway, which induces MyD88 adaptor protein and the activation of IRF7
and IRF3 transcription factors.

IL-1B also activates MOs, and this inflammatory cytokine activates almost all pathways
activated during LPS cell signalling. IL-1B acts through IL-1R1, expressed in a high variety of cells,
which results in the activation of signalling via NF-kB, as well as to p38, c-Jun N-terminal kinases

(JNKs), extracellular signal-regulated kinases (ERKs) and mitogen-activated protein kinases
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(MAPKs) routes 1%, Those pathways result in an increase in the mRNA expression of hundreds
of genes such as IL6. In fact, IL-1B starts a positive-feedback loop, inducing its own expression
195 However, it is transcribed as a pro-protein that needs to be processed by the inflammasome

in order to become biologically active.

Although we have discussed here how different stimuli control a subset of TF that
control gene expression, cellular responses are not linear and are often branched. For example,
in cell signalling is a common fact that different concentrations of one stimulus induce
alternative pathways, and this is the case for GM-CSF, *'°. Moreover, the TFs response to two
different stimuli do not involve the addition of all TFs activated, since different pathways and
TFs can interfere which each other. It is also a fact that different specific TFs present in a cellular
type that are not activated by the stimulus, could drive gene expression responses '**. Different
molecular mechanisms might explain this fact, for example genome regions that were not
accessible before the stimulus become accessible after the stimulus, or also, because the TF is
recruited by other TF activated by the stimulus. On the other hand, it is difficult to determine
which genes are under control of one TF, which would be ideal to predict cellular responses.
Although there are some bioinformatics tools that allow us to predict the probability of binding
of a specific DBD to the DNA (such as the TRANSFAC® database), other components such as the
accessibility to the DNA in this region, or the concentration of TF could also influence the TF

binding to the DNA.

1.2.2 Epigenetic Control in myeloid differentiation

Epigenetic control refers to those mechanisms of chemical signalling that take place in the
chromatin that modify or perpetuate the transcriptional potential of a cell without the
involvement of changes in the DNA nucleotide sequence, and includes histone modifications

and DNA methylation.

1.2.2.1 DNA Methylation

DNA methylation is a covalent modification of DNA that allows DNA to create variability without
altering the content of the base sequence. DNA methylation consists in the addition of a methyl
group to the 5’ position of the pyrimidine ring of cytosines (C) that are adjacent to guanines in
the DNA (known as CpG dinucleotides). This modification of the DNA can modulate the binding
of certain TFs to their associated sites or influence the binding of other nuclear factors that
display higher or lower affinity for methylated CpGs, eventually influencing TF accessibility or

altering chromatin structure 213
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DNA methylation has a diversity of functional consequences for the cell, including the
control of gene expression and, their exact role depends on the genomic location where the
modification takes place. If CpGs are located near the TSS or the first exon of a gene [in clusters
called CpG Islands (CGls)], the correlation with gene expression is generally negative**. By
contrast, a positive association between gene methylation and gene expression is detected
when CpGs are found in the gene body context, where DNA methylation might be involved in

other types of regulation, such as alternative splicing **° .

DNA methylation is also found in intragenic regions; in this context, however,
consequences for gene expression are more complex to define. Along these lines, DNA
methylation is found at the borders of CGls (up to 2kb), in regions characterised as “shores”,
which are also hotspots for hypomethylation and hypermethylation in malignant cells *'°. When
the regions are located 2-4 kb from the CGls, they are called “shelves”, and when they are

outside the CGI context, they are called “open sea”.

DNA methyltransferases (DNMTSs), the enzymes involved in catalysing the addition of
the methyl group to the cytosine, are DNMT1, DNMT3a and DNMT3b. DNMT1 is responsible for
the maintenance of the methylation patterns throughout DNA replication cycles, while DNMT3a

and DNMT3b, are in charge of de novo DNA methylation?’ .

The mechanisms involved in the removal of DNA methylation involve the coordinated
participation of several enzymes that are able to remove the methyl group of cytosine, known
as active DNA demethylation. On the other hand, passive DNA demethylation takes place when
the loss of methylcytosine occurs during successive rounds of replication in the absence of

efficient maintenance by the DNA methylation machinery.

TET proteins are the main enzymes involved in the active demethylation (AD), a process
that consists of the progressive oxidation of 5 methylcytosine (5mC) followed by the action of
the DNA repair machineries. The process starts with the oxidation of 5mC by TET enzymes to
generate 5-hydroxymethylcytosine (5hmC), which is further oxidised by TET proteins to produce
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) 2. This base can be further processed
through either passive dilution (AD-PD) or active restoration (AD-AR). PD is generated due to the
poor capacity of intermediaries to be recognised by DNMTs, which determines the incapability
to be maintained during the process of replication!'*!?°, By contrast, during AR the different
intermediaries are recognised by different enzymes that an end the removal process. For
example, is has been proposed that 5hmC can be deaminated by AID and APOBEC to become 5-
hydroxymethyluracil (5hmU) 2 . This 5hmU (as well as 5fC and 5caC) can be excised from DNA
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by glycosylases, with TDG being the one of most closely studied among them?2. Additionally,

two more mechanisms for removing the methyl group from the cytosine have been recently

described: the dehydroxymethylation of 5hmC by DNMTs generating cytosines 12312*  and the

descarboxylation of 5caC to C 25,

The intermediates of methylation have consequences on gene expression, although

they have not been entirely explained yet. In this line, 5hmC is the most common methyl

intermediate present in the genome and its occurrence in some cases may relieve the silencing

effect of 5mC by preventing the binding of methyl-CpG binding proteins 1%¢

PD N

* BmC ——
e s
< N
N o
_ _|AM-PD
&5G TDG |or M .
‘._ AM-PD| N | TET
“ [oe o
o NH, :.5‘th - -
N Qe .
u :
5caC ? ! |AM-PD! Ve ‘;nci
7%, &

<
0xBS ¢, 55

Figure 1-6 Schematic of major DNA methylation and demethylation pathways.
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DNA methyltransferases (DNMTs) methylate cytosine by transferring the methyl group from S-
adenosylmethionine (SAM) to cytosine. TET enzymes are able to oxidize 5mC to 5hmC, 5fC, 5caC.
(together: oxi-mC). Through oxi-mC production, TET proteins mediate multiple pathways of DNA
demethylation, including TDG-mediated BER and replication-dependent passive demethylation.
Recently investigations show that activation-induced deaminase (AID)/APOBEC can mediate the
deamination of 5hmC to 5hmU followed by TDG-mediated BER. The most relevant methods used to
detect methyl intermediaries are shown on the right. These include BS and 0xBS, when in conjunction
with one another, they are used to detect 5mC and 5hmC, MAB and redBS, which are able to detect

5fC and 5caC.

Although the most common techniques to detect the presence of the methyl

intermediaries in the genome are those based on bisulphite (BS) modification, there are

alternative methods that rely on restriction endonucleases or antibodies that are able to
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discriminate specific oxidation states of modified cytosines. BS is based on the fact that
deamination of cytosines originates uracil, but does not alter 5mC ¥’. Following DNA
sequencing, the cytosines will be deaminated and converted to uracil, except those coming from
methylated cytosines. A limitation of BS treatment is that that both 5mC and 5hmC are unable
to be deaminate in the presence of BS, so it is impossible to know which modification was in the
original sequence'®. Given the different consequences of the intermediaries on gene
expression, more accurate techniques based on BS treatment have been recently developed,
like the detection of 5hmC by oxBS, based on a previous oxidation of the 5hmC by potassium
perruthenate (KRuO4). KRuO4 converts 5ShmC into 5fm, which is an intermediary susceptible to
being modified by BS treatment *°. As a result, an accurate measurement of 5mC is completed.
In addition, 5ShmC levels are therefore calculated by subtracting the exact content to 5mC to the
total content of 5mC+ 5hmC (conventional BS). Other examples of new techniques include the
detection of 5fC and 5caC by red-BS and MAB 2131 | Novel techniques of single molecule
sequencing based on the different physical properties of each modified base are starting to be

used, like Nanopore sequencing 32,

1.2.2.1.1 DNA methylation in Myeloid Identity, Function and Ontogeny

A proper control of DNA methylation is needed to regulate HSC self-renewal during
hematopoiesis. In this context, DNMT1 is crucial for protecting HSCs from the premature
activation of predominant differentiation programs®*3. The other DNA methyltransferases
(DNMT3a and DNMT3b) also play a key role in this early stage; by suppressing the expression of
TF related to self-renewal and multipotency, they allow differentiation to proceed 3*. On the
other hand, enzymes involved in removal of the methyl group from Cs in the DNA are also vital
for HSC self-renewal, as it is observed by the enhanced repopulation capacity linked to lower

levels of 5ShmC in HSCs in TET2-deficient mice *3°.

During haematopoiesis, two different tendencies exist in regards to DNA methylation
with anincrease of DNA methylation upon lymphoid commitment, and the opposite effect when
myeloid differentiation progresses **°. Accordingly, in mice with reduced expression of DNMT1,
HSC are unable to differentiate to lymphoid cells due to the inability to silence some myeloid
defining TF and genes 3. DNA methylation signatures of terminally differentiated human blood
cells show a marked hypomethylation pattern in myeloid cells compared to lymphoid,
highlighting that this DNA methylation trend in both lineages is maintained across the

differentiation process 136137,
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Despite global loss of methylation is observed during myeloid differentiation, variation
in DNA methylation in both directions is observed during granulopoiesis. More specifically,
during the transition of CMPs to GMPs, there is an increase in DNA methylation, which is
associated with the necessary silencing of pluripotency-related genes 3%, This increase is
followed by a slight reduction in methylation between GMP and premyelocyte stages of

development 13°

When using models of ex vivo differentiation, a significant reduction of DNA content is
also observed. For example, MO differentiation to MAC and DC is associated with a loss of DNA
methylation mediated by active mechanisms *°. Active mechanisms of demethylation also have
been observed when B cells are transdifferentiated in vitro into MAC by overexpressing C/EBPa
141 In this specific case, TET2 (which is activated by C/EBPa) is able to promote
hydroxymethylation and facilitate the depression of myeloid target genes during this process

142 Curiously, no change in methylation is observed during this process 1*3, suggesting a positive

relationship between hydroxymethylation and gene expression.

Little is known about the mechanisms that mediate the recruitment of TET2 to the DNA,
but in a model of MO-derived differentiation, PU.1 binds to TET2 and induce the specific
hypomethylation during the process ***. In the same study, the crucial TF PU.1 is also responsible

for inducing hypermethylation through the binding to DNMT3b.

1.2.2.2 Histone Madifications

Genomic DNA in eukaryotic cells is packed onto nucleosomes, which comprise the basic building
blocks of chromatin. The nucleosome is made by core histones, namely two H2A-H2B dimers
and a H3,-H4, tetramer ultimately forming an octamer where 147 bp of DNA are wrapped.

Another histone, the H1, is in charge of binding the nucleosomes between them.

Nucleosomes may change position, which alter the accessibility of the underlying DNA,
or they can be post-translationally modified by proteins known as chromatin remodelers. Post-
translational modifications occur in the histone protein tail, resulting in changes in nucleosome
compaction and gene expression. The most extensively studied histone modification occurred
at H3 lysine, although other histone proteins and residues can also be modified *°. Methylation
and acetylation are the most commonly known modifications in the amino-terminal region of a
histone; other modifications that are less studied include phosphorylation, methylation,
ubiquitylation or sumoylation*®. Histone modifications are designated according to their
location in histone tail and the type modification: for example, H3K27me3 indicated that the H3

tail is trimethylated on the lysine located in position 27.
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Histone acetylation of a lysine residue occurred when an acetyl group is transferred to
the €-amino group of lysine side chains on the histone protein. As a result, the positive charge
on lysine is reduced, thus decreasing the affinity of the histone tail that protrudes from the
nucleosome core of DNA, acquiring a more relaxed structure and enabling the recruitment of

the transcriptional machinery 14®

. While histone acetyltransferases (HATs) are the enzymes that
are able to catalyse this reaction, histone deacetylase (HDACs) enzymes have the opposite

effect.

On the other hand, histone methylation does not change the charged state. By contrast,
the various methyl marks act as binding sites for other proteins that compact nucleosomes
together or bring additional regulatory proteins to chromatin sites marked by methylation *#.In
this case, the enzymes that are able to add the methyl group are called histone
methyltransferases (HMTs) and those that remove it are histone demethylases (HDMs). Histone

lysine methylation can be associated with either transcriptional activation or repression.

The genome is organized in regions that are functionally different. Euchromatin, or
active chromatin is characterized by a more Irelaxed structure, it is more accessible to TFs and
is associated with histone modifications characteristic of transcriptionally active genes *®.In
contrast, heterochromatin, often contains stably repressed, inaccessible genomic elements 4° .
Both chromatin types are associated with distinct types of histone modifications. For example,
in the promoter region, H3K4me3 is a hallmark of transcriptionally active genes, whereas

H3K9me3 and H3K27me3 are associated with silenced genes**°.

Histone modifications are also of high relevance when they are located in the enhancer
regions. Enhancer regions are distal regulatory elements that may function in combination with
promoters or other enhancers to influence the transcription of one or more genes through the
binding of TF. The main histone modifications associated with enhancer regions are H3K4mel

and H3K27ac *°2.

1.2.2.2.1 Histone Modifications in Myeloid Identity, Function and Ontogeny

In addition to DNA methylation, histone modification factors also have a key role during myeloid
differentiation. A good illustration of this is the role of HDAC1 and HDAC2 in BM progenitors. It
has been observed that the ablation of HDACI and HDAC2 in murine BM progenitor cells

impedes the development of erythrocytes and megakaryocytes'>?

. Moreover, committed CMPs
differentiate into megakaryocyte-erythroid lineages when HDAC1 expression is sustained by the
GATA-binding protein 1 (GATA1); conversely, when HDAC1 expression is downregulated by

C/EBP TF, committed CMPs give rise to myeloid cells, in particular granulocytes >3
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The importance of HDAC for MAC development has also been described in the context
of B cell transdifferentiation overexpressing C/EBPa. In this case, HDAC7 have a role in
repressing MAC-specific genes and is strongly downregulated during the process, allowing genes

that are necessary for adopting MAC commitment to be expressed®>*.

Moreover, histones modifications provide clues for determining MAC polarisation.
Another deacetylase member, HDAC3, has been proved to be required for inflammatory M1
activation of certain LPS —induced inflammatory genes, such as IL6, when using mouse BM -
derived MAC °. In addition, the histone demethylase Jumonji domain-containing 3 (JMJD3)
activated in M2 is in charge of the removal of repressive marks found in M2 specific genes, such

as Irf4156157

Upon LPS mediated activation of M1, histone acetyltransferase p300 binds to enhancers
of genes that are activated '*® and some modification changes are stimulated by LPS, with de

novo enhancers due to H3k4 methylation.

The innate defensive responses mediated by myeloid cells are also influenced by
changes in histone modifications. Some years ago, innate immunity was seen as a crude and
unspecific part of the immune system; however, most recent studies have reshaped the view of
innate immunity being non-specific. Moreover, the absence of the innate immune system’s
ability to adaptin response to past alterations has also been questioned; subsequently, the term
“trained immunity” has been coined to explain the acquisition of memory by the innate immune
system. Trained immunity is a form of immunological memory defined as a heightened response
to a secondary infection that can be exerted both toward the same microorganism and a
different one — also known as cross-protection **°. In line with this, when adding B-glucans to
the media, MOs that have been previously exposed to the stimulus present an enhanced
inflammatory response. This concept differs from adaptive immune memory in the highest

degree of specificity and amplification required on the adaptive immune memory.

Notably, chromatin structure and epigenetic modifications are crucial for such processes
to occur and to be sustained. Although little is known about the mechanisms in trained
immunity, a type of enhancer that undergoes H3K4 methylation and H3K27 acetylation in the
presence of the stimulus has been described in innate immunity. Once the stimulus is removed,
H3K27 acetylation disappear but H3K4mel persists at the latent enhancers, and upon re-
stimulation, those genes associated with the enhancer regions respond more efficiently to the

160

new stimulus **°. In the case of B-glucan training, the presence of H3K4 methylation in

promoters!®* and H3K27 acetylation in promoters and enhancers *2has been identified. More
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interestingly, it has been concluded that these changes in histone modifications define a
metabolic signature that underlies the metabolic switch required for MO activation and

training!®®

Epigenetics also have a crucial role in the cell fate determination of the different subsets
of MACs located in different tissues. In the same vein, it has been seen how different MACs
located in several tissues across the body present variations in their histone modification
patterns of their enhancer regions !®*. Taking this into consideration, when fully differentiated
MACs were transferred to an alternate tissue, the new environment was sufficient to reshape
their expression. The chromatin landscape is therefore specialised within the tissue; however, it

still retains the capacity to be reversed and reprogrammed.

1.2.3 Non-coding RNAs

Non-coding RNAs are functional RNA molecules that regulate gene expression without
translating into a protein. The most studied non-coding RNAs are the small RNAs, which are
RNAs from 20 to 30 nucleotides that operate by supressing unwanted genetic material and
transcripts . In animals, small RNAs are classified into three classes: microRNA (miRNA), siRNA
and PIWI-interacting RNA. miRNAs constitute the dominating class of small RNAs and it has been
determined that more than 60% of human protein-coding genes contain at least one conserved
miRNA-binding site **®, These miRNAs have a role in fine-tuning the development and function

of innate and adaptive systems, namely in the immune system?®’.

1.2.3.1 miRNAs

miRNAs bind to the 3’ untranslated region (UTR) of mRNAs and either inhibit translation or
accelerate mRNA degradation 8. During the binding, the domain at the 5’ end of miRNAs is
crucial for target recognition and has been termed as the “miRNA seed”. Other regions of the

miRNAs are also important for stabilising the binding.

The synthesis of the miRNAs starts when miRNAs are transcribed into a primary
transcript (primiRNA) and subsequently undergoes several steps of maturation . Pri-miRNA is
long (typically over 1kb) and contains local stem-loop structures in which mature miRNA
sequences are embedded. Then, the nuclear RNase Il Drosha, in conjunction with the essential
cofactor DGCRS, initiates the maturation process by cropping the stem-loop to release a small

170

hairpin-shaped RNA of approximately 65 nucleotide length (premiRNA) . Following

exportation into cytoplasm by the protein exportin 5 (EXP5) "

pre-miRNA is cleaved by Dicer
near the terminal loop, liberating a small RNA duplex 2. These 19- to 24-bp deliberated miRNAs

are incorporated into the RNA-induced silencing complex (RISC) containing the Argonaute (AGO)
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protein 173, Finally, AGO proteins induce translational repression and decay of target mRNAs
through interaction with the translational machinery and mRNA decay factors'®®. Each miRNA
has the ability to inhibit many mRNAs: in fact, a single miRNA can affect over 100 genes and one

mMRNA can be targeted by more than one miRNA 1%

While some miRNAs reside in intronic or exonic gene region, other ones have an
intergenic localization. The exact promoter region of all miRNAs has not yet been identified for
all miRNAs, but several bioinformatics prediction tools are able to predict them using
information from RNA-sequencing data and chromatin immunoprecipitation (ChlIP)-seq from
the main histone modifications'’*. Interestingly, it is common for several miRNAs located closely
in the genome (MiRNA cluster) to remain co-transcribed. This does not mean that they would
be always expressed at the same levels, as other post-transcriptional changes might be

regulating individual miRNAs that form the cluster.

As is the case with gene expression, miRNA expression is also regulated by a network of
factors that include TF, epigenetic control and non-coding RNAs "% For example, the BLIMP1

TF is able to activate the level of let-7c miRNA expression during DC activation”®

1.2.3.1.1 miRNAs in Myeloid Identity, Function and Ontogeny

Several reports highlight the importance of miRNAs during myelopoiesis*’®. For example, miR-
223 and miR424 are activated by master regulator TF C/EBPa and PU.1; additionally, they are
able to inhibit NF1-A, a negative inhibitor of granulocyte and MO differentiation. Another
example in monocytopoiesis is the downregulation of the cluster miR-17-5p-92 that targets

AML1, which is a protein that can induce the M-CSF expression clue for MO development 177

miRNAs are also involved in the control of ligand stimulation of the immune system,
such as TLR4 activation by LPS. More specifically, LPS stimulation turns on the expression of
miR-146a, which decreases the expression of TRAF6 and IRAK1 - two positive regulators of TLR4

signalling pathways!’#17°

In addition to regulating stimulus responses and cellular differentiation, miRNAs can
also affect the function of innate immune cells. For instance, miRNAs can both potentiate and
reduce the capacity of DCs to present antigens. In line with this, epidermal Langerhans cells (LC)
from miR-150-deficient mice have reduced soluble antigen cross-presentation abilities, possibly
by affecting antigen processing %°. On the other hand, miR-223 increases the capacity of LC to

cross-present antigens (the mechanism is still unknown, however) 82,

28



Introduction

1.3 Autoinflammatory syndromes

Inflammation is a protective immune response carried out by the evolutionary conserved innate
immune system in response to harmful stimuli. The inflammation process needs to be regulated
by multiple checkpoints in the host as insufficient inflammation can lead to persistent infection

of pathogens, whereas excessive inflammation can cause inflammatory syndromes.

1.3.1 The Inflammasome

A crucial component of the host defence in charge of guarding the host from the assault of
microbial pathogens and endogenous danger signals is the inflammasome. The inflammasome
is a multimeric protein complex that assemble in the cytosol after sensing pathogens or damage-
associated molecular patterns (PAMPs or DAMPs, respectively), such as microbial pathogens or

182 Once assembled, caspase-1 (CASP-1) is recruited and

endogenous ATP danger signals
activated by the inflammasome, thus being able to cleave and secrete the precursor cytokines
of IL-1B and IL-18, and induce an inflammatory form of cell death known as pyroptosis'®. Both
cytokines are key for the inflammation response due to their function in orchestrating the innate
and adaptive immune response, such as their function in mediating the interaction between NK

cells and DC %, or their capacity to induce T cell polarisation .

More specifically, inflammasomes consist of a sensor molecule, the adaptor molecule
ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment
domain (CARD), also called PYCARD) and the effector molecule CASP-1. Inflammasome sensor
molecules in charge of detecting danger signals are either members of the NOD-like receptor
(NLR) or the absent melanoma 2 (AIM2)-like receptor (ALR) families 82 . The adaptor molecule
ASC contains CARD domains needed for a proper interaction and activation of CASP-1 that once
activated, is able to mediate the inflammasome functions #. The adaptor molecule ASC is not
always essential for recruiting CASP-1, as some members of the NLR family (such as the NLRP1

inflammasome) contain the CARD domain *¢7 .

The NLRP3 inflammasome remains the best-studied inflammasome and reacts to a wide
variety of stimulus. NLRP3 inflammasome activation requires two signals: a priming step
(through a TLR that leads to inflammasome components transcription and preparation, for
example) and a second signal that leads to inflammasome and CASP-1 activation. Priming
involves the increase of NLRP3 expression through NF-kB signalling % , as well as their
deubiquitination® . Once primed, NLRP3 can respond to its stimuli and assemble the NLRP3
inflammasome. Additionally, ASC must be linearly ubiquitinated for NLRP3 inflammasome

assembly *°. The second stimuli needed for inflammasome activation include ATP, pore-forming
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toxins, crystalline substance such as MSU, nucleic acids, or some pathogens %2, With these
stimuli, activated NLRP3 nucleated ASC into prion-like filaments through PYD-PYD interactions
191192 pro-CASP-1 then interacts with ASC trough CARD-CARD interactions and forms its own
prion-like filaments that branch off of the ASC filaments. The close proximity of pro-CASP-1
proteins then induces autoproteolytic maturation of pro-CASP-1 into active CASP-1. Finally,
active CASP-1 is able to induce the cleavage and secretion of IL-1p and IL-18, as well as promote
pyroptosis. Also notable is that in contrast to MO derived MAC, stimulation with TLR ligands in
human MO is enough to induce the release of IL-1B in the absence of exogenous stimulation

with ATP, maybe through the release of endogenenous ATP after TLR stimulation 193194

Interestingly, a central role has been identified for CASP-8 in inflammasome activation
and pro-IL-1B processing, although the exact mechanism of action needs to be explained more
182 Another protein from the NLR family with a role in the inflammasome activation is the NLRC5
195 which is a protein with a high range of functions in the innate and the adaptive immunity,
such as antigen presentation . NLRC5 can associate with NLRP3 when the inflammasome is

formed, thus increasing the range of pathogens that activate NLRC5.

Another inflammasome studied in depth is the AIM2 inflammasome. In this case, AIM2
protein is able to bind directly to cytosolic dsDNA, which may be encountered in the cytosol
during pathogenic infection '°’. DNA binding displaces the PYD domain, freeing the PYD domain

to recruit ASC to the complex, and starting the recruitment and activation of CASP-1.

Other inflammasomes studied and relevant during inflammation are NLRP4, NLRP6,
NLRP7, NLRP12 and IFI16 %8, Moreover, apart from the canonical inflammasomes, noncanonical
inflammasomes that are formed by CASP-11 have been described in mice, which has been
demonstrated to be important for processing pro-IL1B and pro-IL18 . In humans, CASP-4 and

CASP-5 have been found to have a similar function 2% .
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Figure 1-7 Inflammasome activation by TLR4 and IL-1R pathways.

TLR4 and IL-1R activated NF-kB—pathway, which induces elevated expression of some inflammasome
related proteins, including IL-1pB. Inflammasome components need to be posttranscriptional modified
before their binding, which occurs through the PYD-PYD and CARD-CARD interactions, mediated by
the adaptor protein PYCARD (composed of a PYD and a CARD domain). The cleavage of IL-1B and IL-
18 is mediated by CASP-1, which is autoproteolytic activated when pro-caspase-1 is bound by PYCARD
to the inflammasome. Processed IL-1B, as well as IL-1a, are able to bind to IL-1R that, in turn, primes
for the inflammasome activity by promoting the transcription activation of some of their components.
In contrast, ILARN is an antagonist of IL-1B that are able to bind to IL-1R without activating the
pathways associated to this receptor.

Although IL-1a and IL-1B are proinflammatory cytokines that activate cells by binding and
signalling to IL-1R, IL-1a secretion mechanism is completely different from the IL-1p mechanism.
By contrast to IL-1PB, IL-1a is active without cleavage, though a processed active form could be

processed via the actions of calpain 29292,

The release of IL-la can be dependent and
independent from the inflammasome 2%. For an inflammasome-independent IL-1a release, it
has been described that calcium influx induced by the opening of cation channels are sufficient
enough for their secretion. On the other hand, it has been shown that some stimulators of the
NLRP3 inflammasome, such as ATP or nigericin, are able to increase the secretion of the IL-1a in
a NLRP3 inflammasome-dependent manner. Several proteins involved in the inflammasome

complex also have a role in IL-1a release, although the release is dependent on CASP-1, is

independent of their catalytic activity, and is dependent on their protease activity.
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A third member of that family, the IL-1 receptor antagonist (IL-1Ra, whose gene is also
called IL-1RN), regulates IL-1 signalling at the receptor level by competing with IL-1a and IL-18
for IL-1RI binding, thus preventing the formation of a receptor signalling complex and

terminating IL-1a and IL-1B3-mediated signalling.

1.3.2 Inflammasome associated diseases

Autoinflammatory diseases are innate immune disorders triggered by exogenous or endogenous
components, and are characterised by system inflammation that are usually associated with an
IL-1B/IL-18 signature, resulting in the constant activation of the inflammasome. It is important
to distinguish autoinflammatory from autoimmune diseases, where both innate and adaptive

responses are altered®** .

The classically monogenic autoinflammatory syndromes include those diseases with a
mutation in one of the components of the inflammasome. Among them, familial Mediterranean
fever (FMF) and the cryopirin-associated periodic syndromes (CAPS) have been the most
studied, but other syndromes including TRAPS, MKD and DIRA, also reflects the importance of

well-regulated inflammasome machinery 2°° .

Other diseases not classically considered as autoinflammatory (but which are
increasingly considered as having an inflammatory component) include some neurological
disorders and metabolic diseases. In these cases, misfolded proteins aggregates and aberrant

accumulation of metabolites trigger the activation of the inflammasomes 82

1.3.2.1 Familial Mediterranean fever
FMF is the most prevalent autoinflammatory syndrome worldwide with more than 100.000

206 and is associated with mutations in the MEFV, a gene coding for the

affected individuals
protein pyrin, which is involved in the regulation of inflammation and apoptosis. Pyrin interacts
with ASC, and this interaction not only mediates CASP-1 activation that leads to the release of
mature IL-1B but also is involved in the regulation of leukocyte apoptosis and the modulation of
nuclear factor (NF)-kB activation 2. Although considered to be an autosomal recessive disorder,
patients with classical clinical picture and mutations in only one allele have been commented

on. 207

Individuals with FMF suffer from repeated, self-limiting acute attacks lasting 12-72
hours, characterised by fever, peritoneal abdominal pain and/or pleuritic chest pain, arthritis
splenomegaly, and skin rashes (one of which includes erypsipelas-like erythema of the lower

limb)?%. Other forms of serosal inflammation include nonuremic pericarditis, pericardial
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tamponade, or acute inflammation of the scrotum 8, Arthritis is most often monoarticular,
affecting the knee, ankle or hip. Long-term complications of FMF include renal disease, which
can manifest itself as glomerulonephritis or secondary to systemic amyloidosis, with deposits

forming in the glomeruli, tubules, and interstitium of kidneys.

Their treatment is usually based on colchicine, whose mechanism of action is still
unclear. It has been observed that colchicine reduces the formation of ASC specks and
downregulates MEFV expression in THP-1 cells and affect reorganisation of the actin
cytoskeleton?%®2%  This action in the reorganisation of the actin cytoskeleton may be a key
mechanism behind the efficacy of colchicine in limiting inflammation in FMF, since it is known
that pyrin binds to the polymerised actin in the cytoskeleton 2!%%'*, Also of importance is that
some recent case reports have detailed improvement of FMF using IL-1 blockade with ankinra

and canakinumab 2% .

1.3.2.2 Cryopirin-associated periodic syndromes

CAPS comprise a group of autoinflammatory syndromes that are caused by the gain-of-function
mutations in NLRP3 2%, This term encompasses different clinical entities including chronic
infantile neurological cutaneous and articular/neonatal onset multisystem inflammatory
syndrome (CINCA/NOMID), Muckle-Wells syndrome (MWS), and familial cold-induced
autoinflammatory syndrome (FCAS). They differed in intensity with CINCA/NOMID at the severe
end, FCAS at the milder end, and MWS with moderate severity 2®. Individuals with intermediate

clinical pictures (CAPS overlap) have been reported 213214,

All three subphenotypes, collectively referred to as CAPS, are characterised by systemic
inflammation with fever and blood neutrophilia and localised neutrophilic inflammation in
multiple tissues, including skin, joints, muscles, and conjunctiva, and in cerebrospinal fluid % .
Furthermore, each of the subphenotypes displays characteristic clinical features, including cold-
induced symptoms in FCAS, hearing loss and systemic amyloidosis in Muckle-Wells syndrome,
and more severe central nervous system and bone involvement in NOMID?'®, While patients
with the CINCA or severe CAPS phenotype exhibit a continuous inflammatory state, patients
with milder MWS and FCAS usually have an episodic course. Due to their inflammatory state,
CAPS patients display elevated inflammatory markers (which include C-reactive protein or serum
amyloid A), and elevated cytokines (such as IL-6) %8, However, direct inflammasome-associated
cytokines, such as IL-1B and IL-18, are frequently undetectable or inconsistently elevated when

compared with human controls using highly sensitive assays, presumably due to serum protein

or cell membrane binding %'®. CAPS can also be caused by somatic mosaicism in NLRP3 2%7,
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In the past years, successful treatments for CAPS based on the targeting of the
inflammasome products IL-1B and IL-18 have been developed. Those include the recombinant
IL-1RA anakinra, the neutralizing IL-1B antibody canakinumab, and the soluble decoy IL-1
receptor rilonacept, IL-18—-binding protein, soluble IL-18 receptors, and anti—IL-18 receptor

monoclonal antibodies®%***®
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2 OBJECTIVES

Myeloid differentiation requires a highly hierarchical and structured signalling network to
guarantee a timely regulation of gene expression. Transcription factors and epigenetic
machinery are main players for dictating the proper regulation across the different stages of
myeloid ontogeny. These elements are linked to upstream signalling pathways and extracellular
signals. The profiles of different epigenetic marks for each differentiation step have started to
be generated, however little is known about the interplay between these epigenomes, their
targeted deposition and erasure, and their connections with upstream signalling pathways in
this context. In vitro MO-related differentiation processes provide excellent models to address
guestions on epigenetic aspects and those related to the effect of cytokines and inflammatory
factors. In this thesis, we aimed at investigating the molecular sequence of events that link
stimulation by cytokines and its downstream mediators that have consequently experienced
changes in DNA methylation, histone modifications, and miRNA expression in the context of in

vitro MO-derived models.

This main objective of the thesis was achieved by the establishment of the following specific

objectives:

1. To dissect the mechanisms underneath the targeting of specific DNA demethylation
associated with in vitro MO differentiation to DCs and MACs, in relation to the

upstream mechanisms.

A detailed study of DNA methylation profiles in both differentiation processes will allow
us to characterise specific changes for each differentiation. As IL-4 is the differential
cytokine in both differentiation processes, tracking their downstream signalling will
inform on how such extracelular factor is able to orchestrate in a DC specific manner TFs
and their interplay with the enzymatic machinery responsible for changes in DNA

methylation and gene expression.

2. To explore the potential role of DNA methylation changes in inflammasome-related
genes expressed in MO-to-MAC differentiation and MO activation, comparing samples
from patients of representative autoinflammatory syndromes (CAPS and FMF) versus

healthy individuals.
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CAPS and FMF are autoinflammatory syndromes characterised by inflammasome
activation under steady-state conditions. Despite the fact that several mutations in
genes related to inflammasome have been characterized for CAPS and FMF, an
important number of these disorders cannot be explained by genetic defects alone.
Little is known about the possible epigenetic alterations involved in autoinflammatory
syndromes, although these alterations might play a crucial role in the establishment of
the disease. Investigating the implications of epigenetic mechanisms of CAPS and FMF

may be crucial for the discovery of new treatments and prognosis for these patients

3. To analyse the role of gains of DNA methylation in the acquisition of the DC

phenotype.

Although MO to MAC/DC differentiation is mainly associated with DNA demethylation,
moderate but significant gains of DNA methylation take place in a few genes important
for the function of MO derived cells. Studying the dynamics of DNA methylation in
assocciation with active and repressive histone modifications can help understanding

the hierarchy and role of these changes in gene expression and phenotype acquisition.

4. To compare the role and participation of miRNA-mediated control in three related

MO-derived differentiation processes: MO-to-OC, MO-to-DC, MO-to-MACs.

Non-coding RNAs play a key role in the regulation of gene expression and phenotype
acquisition, in which miRNAs are the most widely studied. As a consequence, studying
the role of miRNA in differentiation processes and the mechanisms that mediate their

control might be crucial for determining the different cell identities.
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3 RESULTS

| certify that the PhD student ROSER VENTO TORMO will defend her Doctoral Thesis by article
publication compendium, two of which have already been published. Her contribution to each

article is specified below:

ARTICLE 1:

Vento-Tormo R, Company C, Rodriguez-Ubreva J, de_la_Rica L, Urquiza JM, Javierre BM,

Radhakrishnan S, Luque A., Esteller, Aran JM, Alvarez-Errico D & Ballestar E.

TITLE: IL-4 orchestrates STAT6 -mediated DNA demethylation leading to dendritic cell

differentiation
JOURNAL: In Press in Genome Biology (Impact Factor: 10.8)

In this article, Roser Vento-Tormo was the main person responsible, along with Damiana
Alvarez-Errico and myself, for conceiving the majority of the experiments and performing them.
She was in charge of establishing the MO derived MAC and DC model in the laboratory, as well
as all the experiments involved in cell identity of MACs and DCs (markers by gPCRs and flow-
cytometry). She also generated all MO derived cell differentiations and performed all
pyrosequencing analysis, gPCRs, drug treatments, specific targeting by siRNAs and lentiviral
infections of primary cell lines (figure 1G,2G-H,3 and 4B-G and supplementary 1,2,3,4,5 and 6).
Moreover, she also was involved in the Bioinformatic data analysis decisions, of the analysis
done by José M. Urquiza and Carlos Company (Figure 1A-F, 2A-F) During STAT6 ChIP
experiments, she collaborated with Javier Rodriguez-Ubreva (Figure 4A). Finally Roser, along
with Damiana and |, interpreted all of the results. She addressed all assembly figures and was

involved in the writing and revision of the article.
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ARTICLE 2:
Vento-Tormo R, Alvarez-Errico D, Garcia-Gomez A & Ballestar E.

[With the participation of the Autoinflammatory Diseases Clinical Unit and Vasculitis Research
Unit Internal Medicine and Department of Immunology (Hospital Clinic-IDIBAPS) and the

Autoimmune and Systemic diseases Services (Hospital Vall d'Hebron)]

TITLE: A DNA demethylation Signature in Inflammasome Genes Features Autoinflammatory

Syndromes

In this article, Roser Vento-Tormo was the main person responsible, along with Damiana
Alvarez-Errico and myself, for conceiving the majority of the experiments and performing them.
She and Damiana generated all MO derived MACs differentiations, MO inflammatory
stimulations and samples processing, and performed all pyrosequencing analysis, qPCRs,
functional assays, specific targeting by —siRNAs and flow cytometry analysis (Figure 1,2,3 and 4).
Finally Roser, along with Damiana and |, interpreted all of the results. She addressed all figures

assembly and was involved in the writing and revision of the article.

ARTICLE 3:
Vento-Tormo R, Alvarez-Errico D, Rodriguez-Ubreva J, Ballestar E.

TITLE: Gains of DNA methylation in myeloid terminal differentiation are dispensable for gene

silencing but influence the differentiated phenotype.
JOURNAL: FEBS Journal 2015 May;282(9):1815-25 (Impact Factor: 4.001)

In this article, Roser Vento-Tormo was the main person responsible, along with Damiana
Alvarez-Errico and myself, for conceiving the majority of the experiments and performing them.
She generated all MO derived cell differentiations and performed all pyrosequencing analysis,
gPCRs, proliferation assays, ChlPs experiments, drugs treatments and flow cytometry analysis
(Figure 1-3 and Supplementary Figure 1-3). Finally Roser, along with Damiana and |, interpreted
all of the results. She addressed all assembly figures with Javier Rodriguez Ubreva and was

involved in the writing and revision of the article.
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ARTICLE 4:

De_la_Rica L, Garcia-Gédmez A, Comet NR, Rodriguez-Ubreva J, Ciudad L, Vento-Tormo R,

Company C, Alvarez-Errico D, Garcia M, Gémez-Vaquero C & Ballestar E.

TITLE: NF-kB-direct activation of microRNAs with repressive effects on MO-specific genes is

critical for osteoclast differentiation.
JOURNAL: Genome Biology. 2015 Jan 5;16:2. (Impact Factor: 10.8)

In this article, Roser Vento-Tormo was involved in the conception and performance of some of
the main experiments. She and Lorenzo de la Rica were in charge of generating the miRNAs
expression profile of MO derived cells. As the miRNA profile was very similar for all three MO
differentiations, the study was only carried out on the MOs to OC model, as it is a process whose
dynamics could be better studied because of the 21 days of differentiation. Specifically, Roser
Vento-Tormo performed MO to MACs and DCs miRNA analysis (Figure 4) and Lorenzo de la Rica
focused on miRNA assays in the osteoclastogenesis model. Lorenzo de la Rica included miRNAs
deregulation during osteoclastogenesis in his thesis but he did not comment on miRNAs in other
MO differentiation models. Roser was also responsible for optimizing the techniques for
transfecting and detecting miRNAs in primary cells (Figure 1-3), as well as the optimization
miRNA regulation by the NF-kB pathway, including NF-kB inhibition using drugs and —siRNA

specific targets (figure 5-6). Finally, Roser participated in the revision of the article.

In witness whereof, | hereby sign the present doctoral thesis,

27" September 2015, L’Hospitalet de Llobregat (Barcelona)

Esteban Ballestar, Ph.D.

Chromatin and Disease Group, Leader |Cancer Epigenetics and Biology Programme (PEBC)
Bellvitge Biomedical Research Institute (IDIBELL)

Avda. Gran Via 199-203 08908 L'Hospitalet de Llobregat, Barcelona, Spain

Tel: +34 93207133 Fax:+34 932607219 e-mail: eballestar@idibell.org
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3.1 ARTICLE 1

Journal:

In Press in Genome Biology.

Title:

IL-4 orchestrates STAT6 -mediated DNA demethylation leading to dendritic cell differentiation

Authors:

Roser Vento-Tormo?, Carlos Company*?*,Javier Rodriguez-Ubreva®’, Lorenzo de la Rica'?, José
M. Urquiza’, Biola M. Javierre'*, Radhakrishnan Sabarinathan®, Ana Luque®, Manel Esteller’,

Josep M. Aran®, Damiana Alvarez-Errico?, and Esteban Ballestar!

Affiliations:

! Chromatin and Disease Group, Cancer Epigenetics and Biology Programme (PEBC), Bellvitge
Biomedical Research Institute (IDIBELL), 08908 L'Hospitalet de Llobregat, Barcelona, Spain 2
Present address: Bioinformatics Core, Centre for Genomic Regulation (CRG), 08003 Barcelona,
Spain 3 Present address: Barts and The London School of Medicine and Dentistry, Centre for
Neuroscience & Trauma, Blizard Institute, 4 Newark Street, London E1 2AT, UK % Present address:
Nuclear Dynamics Programme, The Babraham Institute, Cambridge CB22 3AT, UK ° Department
of Experimental and Health Sciences, Barcelona Biomedical Research Park, Universitat Pompeu
Fabra (UPF), 08003 Barcelona, Spain ® Human Molecular Genetics Group, Bellvitge Biomedical
Research Institute (IDIBELL), 08908 L'Hospitalet de Llobregat, Barcelona, Spain ’ Cancer
Epigenetics Group, Cancer Epigenetics and Biology Programme (PEBC), Bellvitge Biomedical
Research Institute (IDIBELL), 08908 L'Hospitalet de Llobregat, Barcelona, Spain *Equal

contributors
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Abstract

Background: The role of cytokines in establishing specific transcriptional programs in innate
immune cells has long been recognized. However, little is known about how these extracellular
factors instruct innate immune cell epigenomes to engage specific differentiation states. Human
monocytes differentiate under inflammatory conditions into effector cells with non-redundant
functions, such as dendritic cells and macrophages. In this context, interleukin 4, IL-4, and
granulocyte-macrophage colony-stimulating factor, GM-CSF, drive dendritic cell differentiation,

whereas GM-CSF alone leads to macrophage differentiation.

Results: Here, we investigate the role of IL-4 in directing functionally relevant dendritic-cell-
specific DNA methylation changes. The comparison of DNA methylome dynamics during
differentiation from human monocytes to dendritic cells and macrophages identifies gene sets
undergoing dendritic cell or macrophage-specific demethylation. Demethylation is TET2-
dependent and is essential for acquiring proper dendritic cell and macrophage identity. Most
importantly, activation of the JAK3-STAT6 pathway, downstream of IL-4, is required for the
acquisition of the dendritic-cell-specific demethylation and expression signature, following
STAT6 binding. A constitutively activated form of STAT6 is able to bypass IL-4 upstream signalling

and instruct dendritic-cell-specific functional DNA methylation changes.

Conclusions: Our study is the first description of a cytokine-mediated sequence of events leading

to direct gene-specific demethylation in innate immune cell differentiation.

Keywords: DNA demethylation, IL-4, STAT6, dendritic cell, TET2, differentiation
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Introduction

DNA methylation plays a fundamental role in differentiation by driving and stabilising gene
activity states during cell-fate decisions. DNA methylation maps at different steps of
haematopoietic differentiation have vyielded essential information about the different
regulatory roles of DNA methylation in the various genomic regions (promoters, enhancers, etc)
that contribute to cell identity [1, 2] and support the notion that DNA methylation changes are
tightly coupled to transcription factors (TFs) [3, 4]. However, we know little about the
mechanisms directing the targeted deposition or erasure of DNA methylation, and the upstream
mechanisms associated with them. Terminal differentiation from monocytes (MOs) to dendritic
cells (DCs), macrophages (MACs), and other related cell types, like osteoclasts (OCs), represent
ideal biological processes to investigate the mechanisms by which extracellular stimulation is
translated in nuclear epigenetic control. Mononuclear phagocytes are crucial components of a
wide range of important biological functions, such as the maintenance of homeostasis of several
tissues, coordination of the innate immune response, and participation in adaptive immunity to
proper activation, regulation and resolution [5]. These cells express high levels of the
methylcytosine dioxygenase TET2 [6, 7], a key enzyme that successively oxidizes 5-
methylcytosines, generating intermediate forms in the pathway towards demethylation [8], a
process that takes place in these differentiation processes [6, 9]. In addition, the sets of TFs and
upstream signalling pathways in DC and MAC differentiation have been well studied. This is
useful for investigating the interplay between DNA methylation changes and TFs. By examining
the differentiation of these closely related cell types, we can dissect the specific role and
relationship between TFs and upstream signalling pathways and downstream interacting DNA

methylation-related enzymes.

MOs, in response to inflammatory signals, such as those associated with bacterial
infection [10], extravasate and are directed to inflamed peripheral tissues, where they
terminally differentiate into MACs and/or DCs. This process occurs locally and is driven and
determined by microenvironmental stimuli [11]. Although closely related, MO-derived DCs and
MACs exert a variety of non-redundant functions as a result of activation of specific cell-
restricted transcriptional programs. MO conversion into inflammatory DCs or MACs, can be
recapitulated in vitro, by exposing cells to IL-4/GM-CSF or GM-CSF only, respectively [12]. Human
inflammatory DCs have recently been identified as the in vivo counterpart of in vitro I1L-4/GM-
CSF MO-derived DCs [13]. The GM-CSF receptor (GM-CSFR) activates JAK2 and downstream
mediators in an inflammatory setting since GM-CSF constitutes a bona fide danger signal

advising that levels have exceeded steady state levels in conditions of inflammation or infection
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[14]. The IL-4 receptor (IL-4R) signals the activation of the JAK3-STAT6 pathway through its
common y chain [15], which leads to the development of immature DCs. Full functionality is
achieved in DCs and MACs upon maturation by engaging surface receptors, including several
pattern recognition receptors such as Toll-like receptors (TLRs). Acting through outside-to-inside
mechanisms, TLR-mediated signals shape a specific response aimed at triggering appropriate
effector mechanisms to eliminate pathogens [16]. Bacteria-derived lipopolysaccharide (LPS) is a
well known maturation molecule that acts through TLR4 in MO-derived DCs and MACs in vitro
and in vivo. Despite the recognition of the role of these and other factors in determining
differentiation of these cell types, our knowledge of their contribution to the acquisition of

functionally relevant epigenetic changes remains limited.

In the present work, we compared the specific DNA methylation changes associated
with the differentiation from MOs to DCs and from MOs to MACs, as well as those occurring
during the LPS-mediated maturation of these two cell types. These two differentiation processes
differ only by the exposure to IL-4 to the former and so enabled the contribution to DNA
methylation changes downstream of this external signal to be determined. Most changes
occurred in the direction of DNA demethylation, during the differentiation step, whereas very
few occurred during the LPS-mediated activation step. In contrast, thousands of genes became
upregulated or downregulated in both the differentiation and maturation stages. Some of the
DNA methylation and expression changes were common to DC and MAC differentiation,
whereas others were specific to each differentiation process. In both cases, downregulation of
TET2 impaired the acquisition of DNA demethylation and DC/MAC specific surface markers,
highlighting the functionality of DNA methylation changes. For a subset of genes, DNA
demethylation during the differentiation step preceded any change in gene expression, which
only occurred at the activation step, suggesting that DNA methylation changes prepare an
epigenetic context suitable for the quick response necessary during activation. Most
importantly, manipulation of the JAK3-STAT6 pathway downstream of IL-4 in DC differentiation
altered the demethylation, expression and STAT6 binding in genes that are specifically
demethylated in DCs. On the other hand, inhibition of this pathway allows demethylation of
genes that are exclusively demethylated in MACs. Consistently, overexpression of a
constitutively active form of STAT6 in MOs in the absence of IL-4 prevents specific demethylation
of MAC genes at the time that promotes demethylation of DC specific genes. This reveals the
involvement of the IL-4-JAK3-STAT6 pathway in determining demethylation of DC-specific genes
and preventing it in MAC specific genes. The results of our study enable us to identify for the

first time the elements downstream of an external signal, in this case IL-4 in myeloid immune
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cells, which are translated into cell-type-specific functional DNA methylation changes that are

essential for conferring identity and function.
Results

Differentiation from MQOs to DCs and from MOs to MACs results in cell type specific

demethylation of thousands of genes

To dissect the downstream contribution of IL-4 in the acquisition of cell-type-specific DNA
methylation changes in MO-to-DC differentiation we generated three sets of matching samples
corresponding to MOs from human peripheral blood, immature DCs and MACs (iDCs and iMACs),
following incubation of MOs with GM-CSF/IL-4 and GM-CSF only, respectively, and mature DCs
and MACs (mDCs and mMACs), exposing iDCs and iMACs to LPS (Figure 1A). The comparison of
MO-to-DC and MO-to-MAC differentiation allows isolating the specific effect of IL-4, which is the
differential factor in these two processes. We monitored these processes testing different
markers by quantitative RT-PCR (Additional File 1A) and by FACS (Additional File 1B). For
instance, we determined by quantitative RT-PCR upregulation of DC markers (CD209), mature
DC markers (CD83) and the level of expression of CD14 receptor is high in MOs, intermediate in
MACs and low/negative in DCs. FACS analyses revealed that MOs are efficiently differentiated
to iDCs (87-93%, according to CD209 and CD206) and iMACs (88%, according to CD206), and
observed a shift in the CD83 and CD86 markers that support efficient maturation of these cells,

generating 79% mDCs and 81% mMACs (Additional File 1B).

We then performed DNA methylation profiling using bead arrays that interrogated the
DNA methylation status of >450,000 CpG sites across the entire genome, covering 99% of RefSeq
genes. Statistical analysis of the combined data from the three biological replicates of MO-to-
DC and MO-to-MAC revealed large changes in DNA methylation during the differentiation step
(1,780 and 2,644 CpG sites, respectively). In contrast, only a few genes displayed differential
DNA methylation during the maturation step (75 and 27 CpG sites, for DC and MAC maturation,
respectively) (Figure 1B and Additional File 2). In all cases, demethylation prevailed over gains in
DNA methylation, consistent with the results reported by others [6, 17, 18]. Specifically,
demethylated CpG sites represented 92.9% of total differentially methylated CpGs in MO-to-iDC
(1,654 CpGs) and 97.8% of differentially methylated CpG in MO-to-iMAC (2,586 CpGs). This
contrasts with the findings in MO-to-osteoclast (OC) differentiation in which de novo deposition
of the DNA methylation occurs to a similar extent as demethylation [9]. Changes corresponding
to the average of three sample sets were almost identical to the pattern obtained for each

individual sample, highlighting the specificity of the differences observed (Figure 1C and
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Additional File 3A). The results for DC differentiation were similar to those by Zhang and
colleagues [17] (78% of the demethylated genes in such study were present in our own data,

Additional File 3B).

Although most CpGs displaying a loss of methylation were common to the two
differentiation processes (Figure 1D), a significant fraction of demethylated CpGs were specific
to each process: 14.2% in MO-to-iDC differentiation (235 genes) and 45.1% in MO-to-iMAC
differentiation (1,167 genes). This implies that DNA demethylation may be important in
determining the differences between the lineages. Given that IL-4 is the only cytokine to differ
between these two processes, our findings not only suggest that events downstream of IL-4 may
be responsible for the set of genes specifically demethylated in DCs, but also may directly block

demethylation of those that are specific to MACs.

The analysis of the distribution of CpGs with a significant decrease in DNA methylation
(Figure 1E), revealed that most of them map to gene bodies (789 CpGs in MO-to-iDCs and 1,242
in MO-to-iMACs). Over 22% were located at intergenic regions in both differentiation processes.
Only about 15% of the changes occurred near the TSS (Figure 1E). This reinforces the notion that
a high proportion of the changes occur in regulatory regions outside promoters, such as
enhancers located in the body of genes. Using the Illlumina annotation tool we determined that
indeed 41% and 43% of all demethylated CpG sites in DC and MAC differentiation respectively
are located in enhancers. The proportion of enhancers was particularly high in gene bodies and

intergenic regions, as expected (Figure 1E).

Gene ontology analysis of hypomethylated CpG revealed significant enrichment
(FDR<0.05) of a variety of functional categories important in iDC and iMAC differentiation and
function, including inflammatory and innate immune response (Figure 1F). These data suggest
that DNA demethylation is targeted to genomic regions that are activated during DC and MAC

differentiation.

As expected, we identified changes in several genes involved in DC and MAC function
among the group of demethylated genes in both iDCs and iMACs (Additional File 4). For example,
CSF1R, which codes for the receptor of the cytokine CSF1 involved in macrophage
differentiation, and CCL22, a cytokine that is released by DCs and MACs, are dramatically
demethylated (Additional File 4). Immature MACs displayed specific demethylation on CCL20,
an inflammation chemokine, and I/L1B, a cytokine involved in immune and inflammatory

response. On the other hand, we observed very specific demethylation in DC differentiation at
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a CpG site in the gene bodies of DUOX1, an oxidase involved in the antimicrobial-mediated

response, and the signalling receptor SLAMF1 (Additional File 4).

We then confirmed the robustness of the DNA methylation data in MO-to-iDC and MO-
to-iIMAC differentiation by bisulphite genomic pyrosequencing of CpG sites. The selection
included genes that were demethylated in both differentiation processes (CSFIR, CCL22,
DUSP5), and some that were only demethylated in MAC (/L1B, ARSB, CCL20) or DC differentiation
only (SLAMF1, DUOX1, PFAS). In all cases, bisulphite pyrosequencing confirmed the results of
the beadchip array (Figure 1G and Additional File 3C) and the demethylation at the
aforementioned genes. Itis well established that terminal differentiation of MOs into DCs/MACs
occurs in the absence of cell division, indicating the occurrence of active DNA demethylation
mechanisms. To further confirm this, we measured the extent of DNA replication in our DC and
MAC differentiation experiments by treating cells with BrdU pulses. Consistent with previous
observations [18], we found no significant differences between the negative control and the
BrdU pulses, implying that DNA methylation changes observed during this period are
independent of DNA replication (Additional File 1C). The participation of active DNA
demethylation events in this process is reinforced by the previous findings of our and other
groups [6, 9]. In fact, we observed changes in 5hmC, which is an intermediate oxidized base,

resulting from TET2 activity and leading to active demethylation (Additional File 3D).

To test the implication and functionality of the methylcytosine dioxygenase TET2 in
demethylation during DC and MAC differentiation, we downregulated TET2 levels using siRNA
transfection against various TET2 sites and compared it to transfection with a control siRNA
before DC/MAC differentiation was induced. TET2 downregulation partially impaired
demethylation of both common and DC/MAC specific genes. The impairment was partial due to
a technical aspect related to the inability to achieve the maximum downregulation of TET2
before the differentiation processes had already started. In addition to the reduced
demethylation, TET2 dowregulation also resulted in a decrease of surface CD209 and CD83
markers; together with an increase in CD14 (which is higher in MOs than in DCs and MACs)
(Additional File 5) demonstrating the functionality of DNA demethylation during these two

processes.

Expression changes and their relationship with DNA demethylation in MAC and DC

differentiation and maturation

To further investigate the functionality of DNA methylation changes, we then generated

expression profiles for the same cell types (MOs and derived iDCs, iMACs, mDCs and mMACs).
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We noted large changes in expression in both processes. Specifically, we observed upregulation
of 2,920 and 3,095 genes and downregulation of 1,513 and 1,476 genes during the
differentiation of MOs to iDCs and to iMACs, respectively (>2-fold change or <0.5-fold change;
p-value<0.01; FDR<0.05) (Figure 2A). We also identified large changes in the maturation process,
whereby 927 and 1,461 genes were upregulated, and 1,961 and 2,829 were downregulated in
the maturation from iDCs and iMACs to mDCs and mMACS, respectively, after LPS-mediated
activation (Figure 2A). Unlike changes in DNA methylation, which occur primarily in the direction
of demethylation and concentrate in the differentiation of MOs to iDCs and iMACs, expression
changes occurred in the direction of upregulation and downregulation, and large changes were
observed during differentiation and maturation. A high proportion of expression changes were
common to the processes of differentiation into DCs and MACs (Figure 2B). Specifically, 73.12%
and 68.98% of the upregulated genes and 72.24% and 74.05% of the downregulated genes were
common to MO-to-iDC and MO-to-iMAC differentiation, respectively, whereas 54.37% and
34.49% of the upregulated genes and 61.09% and 42.88% of the downregulated genes were

common to the two maturation processes.

To investigate the relationship between DNA methylation and expression changes, we
compared the two data sets, focusing on genes that underwent significant demethylation. We
found that DNA demethylation events were associated with both gene upregulation and
downregulation (Figure 2C), although most genes that become demethylated were
overexpressed (70.4% for MO-to-iDC and 67.1 % for MO-to-iMAC). We also examined whether
the location of a given CpG site was related to the effects on expression. CpGs located in the
TSS200 and the first exon had the strongest association between demethylation and
overexpression (Figure 2D) for both MO-to-iDC and MO-to-iMAC. Analysing the list of genes that
are both demethylated and overexpressed during the differentiation step revealed the
enrichment of categories of genes that are functionally relevant to DC and MAC biology
(Additional File 6). For instance, we observed that genes in the inflammasome pathway that
leads to IL1-mediated inflammation (including PYCARD, IL1B and IL1A, which act together during
the MAC innate response [19]) are demethylated and overexpressed during MAC differentiation.
The inflammasome sensor protein gene AIM2 [20], was also demethylated during MAC
differentiation and overexpressed in the MAC maturation step, strongly suggesting the need for

additive signals to trigger this supramolecular inflammatory system.

As mentioned above, most DNA methylation changes occur at the differentiation level,
both for DC and MAC differentiation, whereas large expression changes occur at the activation

step, suggesting that a proportion of genes may undergo DNA methylation changes before their

51



Results

expression levels change. Indeed, we identified a set of genes for DC and MAC
differentiation/maturation that became demethylated during differentiation but were only
overexpressed at the maturation level (Figure 2E), as if demethylation were priming these genes
for upregulation once they need to be expressed, i.e., when DCs or MAC encounter a compound
such as LPS. Some of these genes were common to DC and MACs, but others were specific to
each cell type (Figure 2F). Among these genes we identified some like /L1B or CCL20 that undergo
DNA demethylation during MAC differentiation, but only achieve overexpression in MACs
following LPS treatment (Figure 2G) (Additional File 6). In such cases, time-course analysis of
histone modifications like H3K27me3 and H3K9me3 revealed that changes in these marks also
precede LPS-mediated stimulation (Figure 2H and Additional File 7), suggesting that other
regulatory elements are the direct responsible for activation of these genes, once the chromatin
context allow them to take place. Interestingly, the increase of these two heterochromatic
marks took place in DCs, and not in MACs, where expression does not increase upon LPS-

mediated stimulation.

Other genes had different relationships with DNA methylation changes, suggesting a
variety of functional consequences associated with DNA demethylation observed at the

differentiation step (Additional File 7).

Inhibition of the JAK3-STAT6 pathway impairs DNA methylation and expression changes of DC-

specific genes and is a positive switch for changes at MAC-specific genes

IL-4 signalling is crucial and indispensable to the development of human monocyte-derived DCs.
One of the most important outcomes of our DNA methylation analysis was the identification of
a subset of genes that are specifically demethylated in DC differentiation in response to IL-4. To
address the role of IL-4 in driving these DC-specific DNA methylation changes, we studied the
contribution of signalling mediators downstream of IL-4R. Membrane-bound type | IL-4R
activates the tyrosine kinase JAK3, which phosphorylates STAT6 at Tyr641, leading to its
translocation to the nucleus and binding to target genes [21-23] (Figure 3A). To examine the role
of the IL-4-JAK3-STAT6 pathway in the acquisition of DC-specific DNA methylation and
expression changes, we first tested the impact of JAK3 inhibition on the regulation of the
aforementioned genes. To this end, we first used a JAK3-selective inhibitor, namely PF-956980
[24]. We differentiated MOs to DCs and MACs with two different concentration of PF-956980 to
select the conditions under which it is active. STAT6 phosphorylation, which renders STAT6 in its
active form, is only present under the conditions for DC differentiation and not for MAC

differentiation (when IL-4 is absent). As expected, STAT6 phosphorylation disappeared following
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JAK3 inhibition with 400 nM and 1000 nM PF-956980 (Figure 3B). In the case of MACs, we did
not observe STAT6 phosphorylation, given the lack of stimulation of JAK3 and therefore the
addition of PF-956980 did not make any difference (Figure 3B). Treatment with PF-956980
affected the presence of surface markers CD209 and CD83 during GM-CSF/IL-4 mediated
differentiation to DCs (Figure 3C and Additional File 8), resulting in the generation of profiles
closer to those displayed by MAC, demonstrating the functional effects of these inhibitors in

inhibiting DC differentiation.

The effect of PF-956980 was very specific to the impairment of demethylation of DC-
specific genes in DC differentiation (Figure 3D), and had little effect on the demethylation of
MAC-specific genes in MAC differentiation or in genes that are commonly demethylated in both
DC and MAC differentiation (Figure 3D and Additional File 8B). Interestingly, in the presence of
JAK3 inhibitors and under the conditions required for DC differentiation, DNA methylation levels
of genes that were specifically demethylated in MO-to-iMAC differentiation resembled those
observed in the absence of IL-4, indicating that inhibition of the pathway downstream of IL-4
removed the constraints on this set of genes towards their DNA demethylation under the

standard conditions for DC differentiation (Figure 3D).

In general, the effects at the expression level were as expected, and impaired DNA
demethylation was associated with diminished overexpression of DC-specific genes during
differentiation. Most notably, we observed impaired overexpression of genes that only
underwent expression changes in the maturation step, once DNA demethylation had been

inhibited through the action of JAK3 inhibitors. (Additional File 8C).

To explore the extent of the role of the IL-4-JAK3-STAT6 pathway in the acquisition of
DC-specific methylation signature, we performed a new methylation profiling to test the effects
of inhibiting JAK3. The comparison of MOs with MOs differentiated to iDCs and iMACs both in
the presence of absence of the JAK3 inhibitor PF-956980, revealed that the DNA methylation
patterns of iDCs incubated with PF-956980 cluster together with iMACs (Additional File 8D). In
other words, treatment with PF-956980 erases the DC-specific signature, and renders a DNA
demethylation pattern indistinguishable of that of iMACs (Figure 3E). The specific analysis of

some of the previously studied genes confirmed this effect (Additional File 8E).

To unequivocally test the potential causal relationship between JAK3 and STAT6 in the
demethylation of DC-specific genes, we investigated the consequences of ablating JAK3 and
STAT6 expression in MOs. We downregulated JAK3 and STAT6 levels in MOs using transient

transfection experiments with siRNA cocktails that target different sites for each of these two
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proteins in comparison with a control siRNA. 24 h after transfection, we induced DC
differentiation with GM-CSF/IL-4. Under these conditions, we used western blot to check the
effects on JAK3 and STAT6 levels 4 days after GM-CSF/IL-4 stimulation of MOs. This method
enabled us to confirm that the levels of STAT6 and JAK3 downregulation were close to 50% and
20% (Figure 3F), respectively. As a result, we observed a noticeable shift of surface DC markers

CD209 and CD83 (Additional File 9A).

We then checked the effects of JAK3 and STAT6 depletion on the demethylation of DC-specific,
MAC-specific and DC/MAC common genes. Similar to the results obtained from the
pharmacological inhibition of JAK3, siRNA-mediated depletion of JAK3 and STAT6 was very
specific for the impairment of demethylation of DC-specific genes in DC differentiation (Figure
3G) and had little effect on the demethylation of MAC-specific genes in MAC differentiation
(Additional File 9B) or in genes that are commonly demethylated in both DC and MAC
differentiation. These results not only confirmed the participation of JAK3, downstream to IL-4,

in the demethylation of DC-specific genes, but also the participation of STAT6, the target of JAK3.

Constitutively activated STAT6 induces demethylation of DC-specific genes during GM-CSF-only

differentiation

To further investigate the potential direct involvement of STAT6 in the demethylation of DC-
specific genes, we performed ChIP assays with STAT6. We found that STAT6 did interact
specifically with DC-specific genes like DUOX1 and SLAMF1 in DC differentiation (Figure 4A),
whilst there was no binding of these genes during MAC differentiation. Interestingly,
pharmacological inhibition of JAK3 led to impaired binding of STAT6 in DC-specific genes (Figure
4A) reinforcing the notion of the dependence on IL-4 and JAK3 for this interaction. We then
investigated whether STAT6 interacts with TET2, either directly or through other intermediates
such as PU.1. However, we were unable to identify any direct interaction between STAT6 and
TET2 (not shown). Although these experiments are technically challenging and it cannot be fully
discarded such interaction. An alternative mechanism may be provided if STAT6 recruits PU.1,
which has been proven to recruit TET2 [9] in a related monocyte differentiation process. In fact,
synergism between STAT6 and PU.1 has been previously shown [25]. To test a potential
participation of PU.1 in demethylating these genes, we also performed siRNA experiments
against PU.1. We determined that PU.1 downregulation also impairs demethylation of some of
these genes, although in a less specific manner than STAT6. In addition, we also observed an

effect on surface markers of both DCs and MACs (Additional File 10).
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To conclusively establish the role of IL-4/JAK3-dependent demethylation of DC-specific
genes via STAT6, we performed gain-of-function experiments in MOs stimulated exclusively with
GM-CSF and transfected with a constitutively activated form of STAT6. STAT6VT carries two
amino acid changes in the SH2 domain that affect the overall structure and stability of the
monomeric and dimeric protein [26] (Figure 4B). When overexpressed in mammalian cells,
STAT6VT undergoes tyrosine phosphorylation, is translocated to the nucleus (Figure 4C), where
it binds DNA, and activates transcription in an IL-4-independent manner. We infected MOs with
a GFP-expressing lentiviral MIG vector (pCDH-MIG) containing STAT6VT and, in parallel, an
empty GFP-expressing MIG vector as a negative control. Following infection, we stimulated cells
with GM-CSF in the absence of IL-4, i..e. under our conditions for MAC differentiation. Despite
low efficiency of infection of MOs with the GFP-expressing empty vector was higher than the
levels achieved with STAT6VT GFP vector, probably due to the lower titre of lentiviruses
containing a larger construct (Figure 4D), we were able to isolate GFP+ cells in both conditions,
following 9 days after GM-CSF stimulation. Not surprisingly, the ectopic expression of STAT6VT
resulted in increased levels of the DC specific marker DC-sign, following GM-CSF stimulation and
in the absence of IL-4 (Figure 4E). We then performed bisulphite pyrosequencing of DC- and
MAC-specific genes and found that STAT6VT overexpression was able to induce demethylation
of DC-specific genes, such as DUOX1 and SLAMF1, by-passing IL-4R upstream signalling (Figure
4F). In addition, MAC specific genes CCL20 and ARSB, which are normally demethylated in the
presence of GM-CSF, did not become demethylated under the presence of STATEVT (Figure 4F)
strongly indicating that STAT6 prevents their demethylation under the conditions of DC
differentiation. In contrast, genes that are demethylated under our standard DC and MAC
differentiation conditions (like CCL22 and CSF1R) were not affected by the overexpression of
STAT6VT. In summary, STAT6 is not only responsible for demethylating DC-specific genes but

also to prevent demethylation of MAC-specific genes.

Altogether, our results demonstrate a direct relationship between the extracellular
stimulation through IL-4 leading to MO-to-DC differentiation and the acquisition of DC-specific
DNA methylation and expression patterns, together with the inhibition of MAC-specific genes.
Moreover, we prove the role of the IL-4-JAK3-STAT6 pathway in instructing the cell epigenome

to engage a specific differentiation state towards DCs, at the expense of MAC differentiation.
Discussion

Our results identify for the first time the sequence of downstream events to a cytokine in

instructing specific TET2-mediated active DNA demethylation associated with the differentiation
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of effector cells of the innate immune response. Specifically, we have established that IL-4
targets a demethylation signature of a specific subset of genes in DC differentiation (and also
prevents demethylation of inappropriate MAC-specific genes) in a STAT6-dependent manner,
providing a direct causal relationship between external stimulation by this cytokine and targeted
epigenetic changes that are necessary for the acquisition of identity. These changes, as well as
the majority of DNA methylation changes in DC and MAC differentiation, occur during the
differentiation step from MOs, before LPS-induced maturation. The direction of DNA
methylation changes in DC and MAC, as well as their occurrence during the differentiation step,
contrast with the expression changes that occur in both steps and both directions (upregulation
and downregulation). We have identified a set of genes in which DNA demethylation precedes
the upregulation, indicating that DNA demethylation prepares those genes for subsequent

overexpression during the maturation step.

In accordance with the findings of others [6], differentiation from MOs to DCs and from
MOs to MACs is associated with a predominant occurrence of DNA demethylation. Conversely,
very few DNA demethylation changes occur during the activation of these two cell types, when
exposed to LPS, which activates these cells to respond through TLR4 and CD14. The
predominance of demethylation changes differs from the direction of changes in a related
model, specifically the M-CSF/RANKL-mediated differentiation of MOs to OCs, in which gains of
both DNA methylation and demethylation occur to a similar extent [9]. As in the cases of MO-
to-DC and MO-to-MAC differentiation, demethylation in OC differentiation takes place through
active mechanisms [6, 9] and occurs to a similar extent. In contrast, unlike in DC and MAC
differentiation, where gain of DNA methylation is restricted to a few genes, thousands of CpG
sites become hypermethylated in OC differentiation. It is likely that the widespread occurrence
of deposition of DNA methylation in OC differentiation is due to the fact that OC differentiation
takes place over a few weeks. It is also remarkable that the vast majority of DNA demethylation
events in DC and MAC differentiation/maturation occur in the differentiation step and that only
a few changes take place during the maturation of these cells following exposure to LPS. If DNA
methylation changes have an effect on the stability of cell identity, it might simply reflect that
this control is more important in the initial differentiating step, from MOs to iDCs/iMACs, as it
also prepares those cells and their chromatin for a potentially rapid response to fulfil their

function in immunity in case of an insult.

The gene expression data show that large changes in upregulation and downregulation
occur in the differentiation and maturation steps, reflecting the activation of specific response

transcriptional programs. In a general way, demethylation is associated with transcriptional
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activation, whereas gain of methylation is often associated with gene silencing. Although the
current view is now more complex and involves different types of relationship between DNA
methylation and expression status, our data on MO-to-DC and MO-to-MAC differentiation also
show a prevalence of an association between demethylation and gene activation that is
particularly evident in demethylated CpGs near the TSS and the first exon of genes. Identifying
genes displaying both demethylation and overexpression during differentiation revealed an
enrichment of genes relevant to DC/MAC function. However, it is of particular note that there is
a set of genes that undergo large changes in gene expression (particularly genes that become
overexpressed) only during the maturation step, although their demethylation occurred
previously, during differentiation. It is as if their demethylation were a prerequisite for their
subsequent overexpression, and a second signal were needed ultimately to trigger the activation
once the unmethylated/competent status has been achieved. This separation between
demethylation and overexpression in the differentiation and maturation steps may constitute a
mechanism that facilitates a rapid response following activating stimuli, such as an encounter
with a bacterial antigen, whereas keeping the existence of a threshold that prevents improper
triggering. In this respect, demethylation preceding stimuli-mediated activation may act both as
a gate-keeper and a facilitator of stimulus-dependent gene expression. A preparation of the
genome in non-cycling cells has recently been described in naive B cells, whereby ssDNA-seq

experiments show that most of the genome is poised for antigen-driven activation [27].

The comparison of two in vitro differentiation models that only differ in the participation
of cytokine IL-4 allowed us to dissect its direct implications in the acquisition of DNA methylation
changes underlying fine-tuning of cell fate acquisition. Differentiation to DCs and MACs involves
demethylation of a large common set of genes, while other CpGs become demethylated in a DC-
and MAC-specific manner. The acquisition of a fate of DC or MAC in our model differed only with
respect to the exposure to IL-4, so we reasoned that the difference is largely determined by
events downstream of IL-4R. It is conceivable that IL-4-dependent cell specification of DC
identity relies not only on determining which genes are specifically demethylated in DCs, but
also on preventing demethylation of those that are specifically demethylated in MAC
differentiation. It was reported some time ago that IL-4 inhibits the production of TNF-a, IL-1,
and prostaglandin E2 (PGE2) in human monocytes [28] in a STAT6-dependent and a STAT6-
independent manner [29]. Our results could provide molecular evidence of such inhibition, given

that IL1a, IL1b and TNF all become demethylated in our system.

Human monocytes bind IL-4 to membrane-bound dimeric IL-4R, which consists of the

IL-4Ralpha chain that recognises IL-4 with high affinity [30], and a second chain that forms either
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Type | (with yc chain) or Type Il receptors (with IL13Ral). Upon dimerization, signal transduction
leads to the activation of several routes, with STAT6 activation and translocation to the nucleus
following JAK3-mediated phosphorylation as a hallmark [31]. Our study has shown that the IL-
4-JAK3-STAT6 pathway plays a major role in the specific methylation changes that drive DC
differentiation (Figure 4G). We have demonstrated that JAK3 and STAT6 downregulation impairs
DC-specific demethylation and that the ectopic expression of a constitutively activated/nuclear
form of STAT6 leads to specific demethylation of DC genes under the conditions of MAC
differentiation (in the absence of IL-4). These results suggest a direct role of IL-4-JAK3-STAT6 in
promoting specific demethylation and subsequent activation of a subset of DC genes, as well as
impairing the demethylation of MAC-specific genes. The inhibitory effect of STAT6 has been
described in Th2 differentiation of human T cells in which STAT6 regulates the expression of
around 80% IL-4-responsive genes [32]. Our results are in line with a recently proposed model
of assymetric participation of different STATs in response to combinations of cytokines, which
strongly suggests that in response to two cytokine signals, one STAT may provide a wider
transcriptional program that is restricted to gain specificity by the superimposed action of
another STAT [33]. In the present work, we extend this notion to epigenetic regulation in

particular DNA-methylation.

Given the participation of TET2 in the active demethylation of DC and MAC
differentiation, as shown in this study, it seemed likely that STAT6 would recruit this enzyme.
However, immunoprecipitation experiments were unable to demonstrate such interaction.
Since PU.1 has been shown to associate and recruit TET2 to genes that become demethylated
[9] and that PU.1 also interacts with STAT6 [25], a possible scenario could involve STAT6
recruitment of PU.1-TET2 to genes that become specifically demethylated in DCs (Figure 4G). It
is likely that other TFs also participate in this process. In fact, there are various connections and
mechanisms that associate DNA methylation changes and TF binding [34]. Our analysis of the
enrichment of TF-binding motifs near demethylated CpGs supports this notion and some of
them, like the GATA1 binding motif, are specifically enriched in genes demethylated in DCs,
whereas C/EBPa/B, MITF, NANOG and CREB are enriched at the demethylated sites in iMAC
differentiation. However, the participation of these factors in DNA methylation could also be
indirect. It will also be interesting to establish whether STAT6, or any other additional TF, is able

to directly recruit TET proteins to the sites undergoing DNA demethylation.

The finding that a cytokine like IL-4 drives the DNA demethylation of specific sets of

genes that are crucial for DC versus MAC identity and function opens up a number of possibilities
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from the fundamental and translational points of view, as new targets for pharmacological

intervention of innate immune cell responses.
Conclusions

In the present study we have compared the DNA methylation changes during human MO-to-DC
and MO-to-MAC differentiation, in which IL-4 represents the sole differential factor determining
DC versus MAC fate. Our data reveal the existence of both common and cell-type specific DNA
demethylation of many genes, and that such DNA demethylation depends on TET2 and is
essential for the acquisition of proper DC and MAC identity. We demonstrate that upon IL-4R
engagement by its ligand, the activation of the JAK3-STAT6 pathway leads to the acquisition of
DC-specific demethylation and expression profiles, by activating DC-specific genes and
repressing MAC-specific genes. Furthermore, we show that IL-4R signalling can be by-passed
with the introduction a constitutively activated STAT6 form that instructs DC-specific
methylation changes in the absence of IL-4. In summary, our results constitute the first report
of cytokine-mediated downstream sequence of events leading to direct gene-specific

demethylation in innate immune cell differentiation.
Data Access

Methylation array and expression array data for this publication have been deposited in the
NCBI Gene Expression Omnibus and are accessible through GEO Series accession number:
GSE71837 (methylation data for DC and MAC differentiation, corresponding to Figure 1C),
GSE75937 (methylation data for DC and MAC differentiation in the presence of JAK3 inhibitors,
corresponding to Figure 3E), GSE75938 (expression data, corresponding to Figure 2A). Material
and Methods

Differentiation of DCs and MACs from peripheral blood mononuclear cells

Human samples (blood) used in this study came from anonymous blood donors and were
obtained as buffy coats from the Catalan Blood and Tissue Bank (Banc de Sang i Teixits) in
Barcelona. The anonymous blood donors received oral and written information about the
possibility that their blood would be used for research purposes, and any questions that arose
were then answered. Before obtaining the first blood sample all donors signed a consent form
at the Banc de Teixits. The Banc de Sang follows the principles set out in the WMA Declaration
of Helsinki. The protocol used to isolate and differentiate cells from these anonymous donors
was approved by the Ethics Committee of the University Hospital of Bellvitge (CEIC) on 28 May

2011 (and renovated on 4 December 2014). The blood was carefully layered on a Ficoll-Paque
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gradient (Amersham, Buckinghamshire, UK) and centrifuged at 2000 rpm for 30 min without
braking. Peripheral blood mononuclear cells (PBMCs), from the interface between the plasma
and the Ficoll-Paque gradient, were then collected and washed twice with ice-cold PBS,
followed by centrifugation at 2000 rpm for 5 min. Pure MOs were isolated from PBMCs using
positive selection with MACS magnetic CD14 antibody (Miltenyi Biotec, Bergisch Gladbach,
Germany). Cells were then resuspended in RPMI Medium 1640 (1X) + GlutaMAXTM-1 (Gibco,
Life Technologies™) containing 10% foetal bovine serum, 100 units/ml penicillin, 100 pg/ml
streptomycin and antimycotic. For DC differentiation, medium was supplemented with 500U
human IL-4 and 800U GM-CSF (Gentaur Molecular Products). For MAC differentiation, medium

was supplemented with 800U GM-CSF (Gentaur Molecular Products).

Depending on the amount needed, cells were seeded at a density of 3¢105 cells/well in
96-well plates, 59106 cells/well in 6-well plates, or 400106 cells in 10-mm plates and cultured
for 4 days (unless otherwise noted); medium and cytokines were changed every two days. On

day 4, cell maturation was induced by culturing cells with 5 uG/ml LPS (Sigma-Aldrich) for 24 h.

The presence of DCs and MACs was checked at the protein level by flow cytometry
(Gallios Flow Cytometer, Beckman Coulter) and analysed with FlowJo software (Tree Star, Inc.)
testing upregulation of specific DC markers CD209 conjugated to V450 (BD Horizon), and
maturation DC marker CD83 conjugated to APC (Miltenyi). Expression of CD14 (Milteny), which
is high for MOs, medium for MACs and low for DCs was also confirmed. MACs and DCs were also
analysed at the mRNA level with respect to the upregulation of key DC and macrophages

markers: CD206, CD209, CD86, CD83, MSR1, CXCL13 and MO marker CD14.

DNA methylation profiling using universal bead arrays

Infinium HumanMethylation450 BeadChips (lllumina, Inc.) were used to analyse DNA
methylation. This array allows >485,000 methylation sites per sample to be interrogated at
single-nucleotide resolution. This encompasses 99% of RefSeq genes, with an average of 17 CpG
sites per gene region distributed across the promoter, 5'UTR, the first exon, the gene body and
3'UTR. It covers 96% of CpG islands, with additional coverage in CpG island shores and the
regions flanking them. DNA samples were bisulphite-converted using the EZ DNA methylation
kit (Zymo Research, Orange, CA). After bisulphite treatment, the remaining assay steps were
performed following the specifications and using the reagents supplied and recommended by
the manufacturer. The array was hybridised using a temperature gradient program, and arrays
were imaged using a BeadArray Reader (lllumina Inc.). The image processing and intensity data

extraction software and procedures were as previously described. Each methylation data point
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is obtained from a combination of the Cy3 and Cy5 fluorescent intensities from the M
(methylated) and U (unmethylated) alleles. Background intensity computed from a set of
negative controls was subtracted from each data point. For representation and further analysis
we used beta and M values [35]. The beta value is the ratio of the methylated probe intensity to
the overall intensity (the sum of the methylated and unmethylated probe intensities). The M
value is calculated as the log; ratio of the intensities of the methylated versus unmethylated
probe. Beta values range from 0 to 1 and make intuitive sense. They were used to derive
heatmaps and for comparisons with DNA methylation percentages from bisulphite
pyrosequencing experiments. However, for statistical purposes, the use of M values is more

appropriate.

Detection of differentially methylated CpGs

The approach to selecting differentially methylated CpGs was implemented in the statistical
language R. To process lllumina Infinium HumanMethylation450 methylation data we used the
methods available in the limma, genefilter and lumi packages, which are accessible from the
Bioconductor repository. Before statistical analysis, a pre-processing stage was applied, the
main steps being: 1) colour balance adjustment, i.e., normalisation between two colour
channels; 2) quantile normalisation based on colour balance-adjusted data, and 3) variance
filtering by IQR (interquartile range) using 0.50 as the threshold value. Results were analysed
using an eBayes moderated t-statistical test carried out with the limma package [5]. Specifically,
a paired limma was performed as implemented in the IMA package [6]. Several criteria have
been proposed to represent significant differences in methylated CpGs. In this study, we
considered a probe to be differentially methylated if it had shown a >2-fold (hypermethylation)
or <0.5-fold (hypomethylation) difference, and if the statistical test was significant (p<0.01 and
FDR<0.05), using M values for the statistical analysis and cut-off. For candidate gene selection

we added the requisite that the difference of beta values was at least 20%.

Bisulphite sequencing and pyrosequencing

Bisulphite pyrosequencing was used to validate CpG methylation changes resulting from the
analysis with the Infinium HumanMethylation450 BeadChips. Bisulphite modification of
genomic DNA isolated from MOs, DCs, and MACs was performed by standard methods.
Oxidative bisulphite modifications was performed as described recently by Booth and colleagues
[36]. The time course was measured in biological triplicates. Briefly, 2 ul of the converted DNA
(corresponding to approximately 20-30 ng) were used as a template in each subsequent PCR.

Primers for PCR amplification and sequencing were designed with the PyroMark® Assay Design
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2.0 software (Qiagen). PCRs were performed with the HotStart Taqg DNA polymerase PCR kit
(Qiagen), and the success of amplification was assessed by agarose gel electrophoresis. PCR
products were pyrosequenced with the PyromarkTM Q24 system (Qiagen). All primer sequences

are listed in Additional File 11.

Gene ontology analysis

Gene ontology (GO) was analysed with the FatiGO tool, which uses Fisher’s exact test to detect
significant over-representation of GO terms in one of the sets (list of selected genes) with
respect to the other (the rest of the genome). Multiple test correction to take into account
multiple hypothesis testing (one hypothesis for each GO term) was applied, reducing the
possibility of false-positive results. GO terms with adjusted values of p<0.05 were considered

significant.

Analysis of transcription factor binding

We used meme tool and TRANSFAC database to identify STAT6 binding motifs in the 1000bp
region upstream/downstream the centre of hypomethylated CpG sites. ChIP primers were

designed flanking those regions.

Expression array

Expression studies were performed using the Affymetrix platform according to manufacturer’s
instructions. 1 pg total RNA was extracted with Trizol from monocytes, DCs and macrophages
and hybridised to an Affymetrix Human Prime View Array (Affymetrix Inc., Santa Clara, CA, USA).
Probe intensities normalization and downstream analysis were obtained using statistical analysis

language R in combination with Bioconductor repository functions (http://bioconductor.org).

Normalized data obtained with “affy” package algorithm vsnrma [37] was followed by probe id
filtering, under strong statistical confidence thresholds (P-value < 0.01 ; Adj.Pvalue (BH) < 0.05;
FC < 2 & FC > 2 for downregulated and upregulated respectively). Finally, comparison of

expression and DNA methylation data were performed applying custom R scripting.

Graphs and heatmaps

All graphs were created using Prism5 Graphpad. Heatmaps of the expression or methylation

data were generated using the Genesis program (Graz University of Technology).

BrdU proliferation assays

BrdU was used at a final concentration of 300 EM, as previously described. On the days specified,

BrdU pulsing solution was added to each well for 2 days. For flow cytometry assays CD14+ cells
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were seeded in 6-well plates and cultured in differentiation media. BrdU was added to the
medium at different times and after 2 days cells were fixed (4% paraformaldehyde, 30 minutes,
RT), permeabilised (PBS-BSA-Triton X-100 0.8%, 10 min, RT) and treated with HCI 2N for 30 min.
After DNA opening, HCl was neutralised by two 5-min washes with NaBo (0.1M, pH 8.5) and two
5-min washes with PBT. Cells were incubated with anti-BrdU antibody (18 h at 4°C, 1:1000
dilution) and an anti-mouse Alexa-488 conjugated antibody was added to detect the BrdU-

positive nuclei.

Transfection of primary human MOs

We used ON-TARGETplus siRNAs against STAT6, JAK3 and TET2 to perform knockdown
experiments in peripheral blood MOs. We also used ON-TARGETplus Non-targeting Control Pool
as a negative control. For PU.1 silencing experiments, two different Silencer® select pre-
designed siRNAs against human PU.1 (one targeting exon 2 and another targeting the 3' UTR)
and a Silencer® select negative control were used. We transfected MOs with siRNAs using
Lipofectamine 3000 Reagent (Thermo Fisher Scientific Co., Carlsbad, CA, USA) and added
cytokines 24 h later. We refreshed transfection 3 days after starting the culture. We examined
the levels of the target proteins by western blot 2 and 4 days after siRNA transfection. Three

biological replicates of the experiments were performed.

Chromatin immunoprecipitation (ChlIP) assays

For ChIP assays, CD14+ cells (MOs) treated with IL-4/GM-CSF for 0 and 2 days were crosslinked
with 1% formaldehyde and subjected to immunoprecipitation after sonication. ChIP
experiments were performed using a low cell ChIP kit (Diagenode SA, Seraing, Belgium). They
were analysed by real-time quantitative PCR. Data are represented as the ratio of the bound
fraction to the input for each specific factor. We used an antibody against STAT6 (Santa Cruz, sc-
981x), and histone marks H3K9me3 (Abcam, ab8898) and H3K27me3 (Millipore 07-449). Human
IgG was used as a negative control. Primer sequences were designed to contain predicted or
known TF binding (from TRANSFAC or ChlIPseq data) as close as possible to the CpG undergoing
methylation changes. Primer sequences are shown in Additional File 11. Three biological

replicates of the experiments were performed.

Inhibition of the Janus kinase 3

The Janus kinase 3 (JAK3) was pharmacologically inhibited using the specific inhibitor PF-956980

[24] (Sigma) following the manufacturer’s instructions. MOs were pre-treated for 1 h with PF-
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956980 on day 0 of differentiation. Following preincubation, MO differentiation was induced

with IL-4/GM-CSF or GM-CSF alone in the presence of PF-956980.

STAT6 constructs, generation of lentiviral supernatants and cellular transduction

We amplified the STAT6 coding DNA sequence (CDS) using PCR with AccuPrime Pfx high-fidelity
DNA Polymerase (Invitrogene) following the manufacturer’s instructions. A reverse primer
containing an HA tag was introduced in the sequence N-terminal end. The double mutant STAT
VT was prepared by point mutagenesis using PCR to introduce two alanine residues at amino
acid positions 547/548. Sequences were subcloned in pCDH-MIG vector and verified by

sequencing.

Two culture supernatants were generated by transient transfection of 293FT cells and were
collected 48 and 72h post-transfection. The first supernatant contained the pMSCV-GFP (Mock)
or the pMSCV-GFP-STAT6VT, and the second supernatant contained the SIVmac-derived helper
particles that pack the Vpx protein able to degrade SAMHD1[38]. Viral supernatants were
concentrated x10 by ultracentrifugation at 20000rpm at 4 °C for 2h using Sorvall centrifuge
(Thermo Scientific) and fresh monocytes were infected with both viral supernatant. Infected
monocytes were cultured with GM-CSF for 9 days at 37°C. Media was refreshed every 2
days. GFP positive cells were sorted in a MoFlo Astrios (Beckman Coulter), lysed in Proteinase K
buffer and incubated ON at 652C. Genomic DNA was isolated by standard phenol-chloroform

extraction for bilsulphite pyrosequencing.

5hmC detection

5hmC was analysed using oxBS technique
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Figure legends

Figure 1. High-throughput DNA methylation comparison between monocytes (MOs) and derived
dendritic cells (DCs) and macrophages (MACs). (A) Scheme depicting the differentiation system.
Peripheral blood MOs were either exposed to GM-CSF + IL-4 or GM-CSF only to generate
immature DCs and MACs (iDCs and iMACs), respectively. Maturation of these two cells types to
mDCs and mMACs was achieved following incubation with LPS. (B) Summary of the DNA
methylation changes obtained when comparing MOs differentiating to iDCs and iMACs, and the
maturation towards mDCs and mMACs. Number of CpG sites and genes displaying signicant gain
(hyper) or loss (hypo) of DNA methylation changes are shown (C) Heatmap of three paired
samples (D1, D2 and D3) of MOs and their derived iMACs, iDCs, mMACs and mDCs. The heatmap
includes all CpG-containing probes displaying significant methylation changes (>2-fold or <0.5-
fold change; p<0.01 and FDR<0.05) (Data in Additional File 2). A scale is shown at the bottom,
wherein beta values (i.e., the ratio of the methylated probe intensity to the overall intensity)
range from -3 (lower DNA methylation levels, blue) to +3 (higher methylation levels, red). (D)

Venn diagram showing the degree of overlap of demethylated CpGs/genes between MO-to-iDC
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and MO-to-iMAC differentiation. (E) Distribution of demethylated CpGs among genomic regions
(intergenic, promoter (1500 and 200 upstream of the TSS, 5’UTR, first exon, gene body, and
3’'UTR) for MO-to-iDC and MO-to-iMAC differentiation. The darker insets within each bar
indicates the number of sites annotated as enhancers. (F) Gene ontology enrichment analysis of
demethylated CpGs in differentiation to iMACs and iDCs showing the most important categories.
(G) Technical validation of the array data by bisulphite pyrosequencing of modified DNA. Three
groups of genes are represented: demethylated genes specific to iDC differentiation,
demethylated genes specific to iMAC differentiation and genes that are commonly

demethylated in iDC and iMAC differentiation.

Figure 2. Comparison between methylation and expression data for MAC and DC differentiation
and maturation (A) Heatmap of significant changes between MOs-to-iDC and MO-to-iMAC
differentiation (left) and two additional heatmaps showing significant changes between iDC-to-
mDC, and iMAC-to-mMAC maturation. The heatmaps include all the genes displaying significant
expression changes (>2-fold or <0.5-fold change; p<0.01 and FDR<0.05). A scale is shown at the
bottom, wherein expression values range from -3 (lower expression levels, blue) to +3 (higher
expression levels, red). (B) Venn diagrams showing the degree of overlap of genes upregulated
and downregulated between MO-to-iDC and MO-to-iMAC differentiation and iDC-to-mDC and
iMAC-to-mMAC activation. (C) Scatterplots showing the relationship between the log,-
transformed FC in expression and the log,-transformed FC in DNA methylation. (D) Correlation
between DNA methylation and expression data (the mean value for all CpG sites within a given
sequence region is shown) for all the significantly demethylated genes organised by genomic
location (intergenic, promoter (1500 and 200 upstream of the TSS, 5’UTR, first exon, gene body,
and 3’UTR). (E) Box-plots representing the DNA methylation and expression values of all genes
that are demethylated during DC and MAC differentiation and whose upregulation is stronger
in the maturation step than in the previous differentiation step. (F) Diagram showing the
proportion of genes among the DC-specific, MAC-specific and those that are demethylated in
both processes with no significant changes in expression during the differentiation step and
upregulated during the LPS-dependent activation step. (G) Time-course analysis of DNA
methylation and expression in two selected genes (/L1B and CCL20) during DC and MAC
differentiation/maturation, among those displaying no changes in the differentiation step and a
sharp increase in the maturation step. (H) Chromatin immunoprecipitation (ChlP) assays in IL1B
and CCL20 with anti-histone H3K27me3 and anti-histone H3K9me3 in MOs, and in a time course
manner in differentiation to iDCs and iMACs, as well as mDCs and mMACs (120 h + LPS). The Y-

axis shows the relative enrichment in arbitrary units.
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Figure 3. The IL-4-JAK3-STAT3 pathway has a direct role in targeting DNA demethylation in
specific DC genes. (A) Diagram depicting the pathway donstream to IL-4, cinluding the IL-4
receptor (IL-4-R), JAK3 and STAT6. IL-4, is able to activate and translocate STAT6 transcription
factor to the nucleus, through STAT6 phosphorylation by JAK3 kinase. (B) Western blot assay
confirming the presence of JAK3 and STAT6 in all cell types studied and the exclusive existence
of the phosphorylated form of STAT6 in DC. Inhibitor PF-956980 at a concentration of 400 and
1000 nM throughout the entire differentiation process is able to prevent STAT6
phosphorylation. (C) Effects of PF-956980 on CD209 and CD14 in both GM-CSF/IL-4- and GM-
CSF-stimulated cells at 96 h, as measured by FACS (D) Effects of JAK3 inhibition by PF-956980 on
DNA methylation over time of DC (GM-CSF/IL-4) differentiation focusing on two DC-specific
genes (left), MAC-specific genes (center) and two genes demethylated in both DC and MAC
differentiation (right) (E) Heatmap showing the effect in DNA methylation of JAK3 inhibition by
PF-956980. This treatment is able to erase the DC-specific methylation signature in MOs treated
with GM-CSF/IL-4. (F) Western blot assays showing levels of STAT6, phospho-STAT6 and JAK3,
96 h after treatment with GM-CSF/IL-4 and transfection with siRNA for STAT6. B-actin has been
used as loading control (G) Effects of siRNA against STAT6 (left panel) and JAK3 (right panel) on
DNA methylation changes over time focusing on two DC-specific genes (top), MAC-specific genes

(middle) and two genes demethylated in both DC and MAC differentiation (bottom).

Figure 4. Directly involvement of STAT6 in targeting DNA demethylation in specific DC genes. (A)
ChlIP assays confirming STAT6 binding to two genes (DUOX1, SLAMF1) that become specifically
demethylated in DC differentiation. The panel also shows the loss of STAT6 to DC-specific genes
following treatment with JAK3 inhibitor PF-956980. Lack of binding of STAT6 under the
conditions of MAC differentiation (also in the presence of PF-956980) is also shown. (B) Diagram
showing STAT6 gene domains and the double mutant that mimics phosphorylated STAT6 (STAT6
VT) and leads to a gain of function. (C) Western blot of 293T cells transfected with wild type
STAT6 (STAT6 wt) and the activating double mutant STAT6 VT showing the presence of the
protein in the cytosolic or nuclear fraction. (D) FACS analysis showing the GFP labelling of cells
infected with a GFP-expressing lentiviral MIG vector (pCDH-MIG) containing STAT6VT (right
panel) and empty GFP-expressing MIG vector as a negative control (left panel). (E) CD209 mean
fluorescence measured by flow cytometry in monocytes infected with STAT6 VT and the MOCK
control vector after 9 days of culture with GM-CSF. Analysis was done setting a gate to select
cells with high GFP expression. (F) Effects on the DNA methylation levels of two DC-specific genes
in MOs treated with GM-CSF for 48 with followed by infection with mock or STAT STAT6V. Both

the GFP+ and GFP- negative fractions are shown. Examples of two DC-specific genes (right),
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MAC-specific genes (middle) and two genes demethylated in both DC and MAC differentiation
(left) are shown (G) Model depicting the participation of the IL-4-JAK3-STAT6 pathway in

targeting demethylation of DC-specific genes
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Additional File 4

CpG

Localization LogFC Diff. beta Relevance of gene products in inflammatory context
number [DC,MAC] [DC,MAC]

[210]e) ¢] cg13570892 Body [-2.62;-] [-0.28;-] Protein  from NADPH  family, involved in
lactoperoxidase-mediated defense

SLAMF1 €g26883963 3'UTR [-4.03;-] [-0.58;-] Receptor involved in T and B cell activation, and
promotes DC maturation

PFAS cg00194780 3'UTR [-2.25;-] [-0.33;-] Enzyme involved in purine biosynthesis
SMAD6 cg01339004 Body [-2.42;-] [-0.29;-] Mediator of TGF beta antinflammatory activity
CORIN ¢g02955940 TSS1500 [-1.98,] [-0.25;] Serine protease class of the trypsin superfamily.
CcCL8 cg01636591 1stExon;5 [-1.33,] [-0.20;-] Chemotactic factor, pro-1nflammatory
'UTR
TAL1 cg00408773 Body [-1.02,-] [-0.15;-] Transcription factor involved in hematopoyesis.
RUNX1 cg02869559 Body [-1.00;-] [-0.15;-]
cg12477880 1stExon; [-1.02;- [-0.15;-] Transcription factor involved in hematopoyesis.
Body
ARSB cg07379703 TSS1500 [--2.13] [-0.35;-] Hydrolisis of sulfate groups of N-Acetyl-D-
galactosamine, chondriotin sulfate, and dermatan
sulfate
CCL20 cg08575688 TSS200 [--1.09] [-0.17;] Chemotactic factor
IL1B cg14117934 3'UTR [--2.54] [-0.39;-] Proinflammatory cytokine and pyrogen
MITF cg04811592 Body [--2.78] [-0.31;-] Transcription factor involved in myeloid differentiation
NLRC5 cg08159663 TSS1500 [--1.27] [-0.21;] Inflammasome sensing protein
HDAC9 cg04892643 Body [--2.38] [-0.35;-] Histone deacetylase
CASP1 cg17008031 TSS1500 [--1.44] [-0.19;] Gene involved in activate the inactive precursor of
interleukin-1.

CSFIR  cg07260017 5UTR  [-3.81:3.85] [-0.57;-0.58] M-CSF receptor
cg12974258  TSS200  [-1.29:-2.18]  [-0.19:-0,19]

CCL22 €g23471482 TSS1500  [-3.22;-3.29] [-0.50;-0.50] = Chemotactic factor
©g04250732 TSS1500  [-1.31;-1.51]  [-0.20;-0.20]

DUSP5 cg10080966 Body [-3.75;-2.82] [-0.56;-0.57]  Phosphatase that negatively regulates members of the
mitogen-activated protein (MAP) kinase superfamily
(MAPK/ERK,SAPK/JNK,p38)
IRF8 cg07955474 5'UTR [-2.09;-2.41] [-0.33;-0.33]  Transcription factor  that regulates myeloid
differentiation
RBPJ cg04722169 Body [-3.03;-2.29] [-0.38;-0.38]  Transcriptional regulator from the Notch pathway
AKT1 €g26099837 Body [-5.82;-5.72] [-0.73;-0.73]  Serine/threonine kinase that regulate many processes
cg15912732 Body [-5.33;-4.70]  [-0.71;-0.71]  including metabolism, proliferation, cell survival, growth
cg12789068 Body [-1.88;-2.03] [-0.24;-0.24]  and angiogenesis
cg04971812 3'UTR [-1.16;-1.42]  [-0.09;-0.09]

CREB5 cg09930712 Body [-1.17;-2.65]  [-0.10;-0.10] = Member of the CRE (cAMP response element)-binding
protein family.

IL1RN cg11783497 TSS200 [-2.63;-3.18]  [-0.38;-0.38]  Member of the interleukin 1 cytokine family. Inhibits the
activities of interleukin 1, alpha and beta.
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Abstract

Monocyte (MO) to macrophage (MAC) differentiation requires the activation of critical genes
governing inflammatory and innate immunity functions. A central element of MAC function is
the inflammasome, a cytosolic multiprotein complex that assembles in response to infection- or
stress-associated stimuli and activates both caspase-1-mediated inflammatory cytokine
secretion and pyroptosis, an inflammatory form of cell death. The relevance of the
inflammasome is highlighted by its relationship with monogenic autoinflammatory syndromes,
which are consequence of gene mutations leading to increased inflammasome activity. Although
familial cases are common, penetrance among patients sharing gene mutations can be different,
suggesting the participation of mechanisms beyond the gene sequence defect. In this study, we
initially observed that inflammasome-related genes are rapidly demethylated during human
MO-to-MAC differentiation. Demethylation is associated with increased gene expression and
both mechanisms are impaired when methylcytosine dioxygenase TET2 is downregulated. We
also determined that DNA demethylation of inflammasome-related genes also occurs when
MOs are directly exposed to inflammatory conditions. We also demonstrate a direct role of NF-
kB in the regulation of demethylation of these genes. We explored the existence of DNA
methylation alterations in patients with Cryopyrin-Associated Periodic Syndromes (CAPS) and
Familial Mediterranean fever (FMF), two archetypical monogenic autoinflammatory syndromes.
Under the above conditions, MOs from patients undergo more efficient DNA demethylation
than those from healthy individuals, revealing that patients are poised for an epigenetically-
regulated faster inflammatory response. Our results demonstrate the implication of DNA
methylation-associated mechanisms in these disorders and open up prospects for novel

therapeutic targets.
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Introduction

Innate immune myeloid cells such as monocytes (MOs) and macrophages (MACs) are crucial
effectors and regulators of inflammation and adaptive immunity, and are also involved in the
maintenance of tissue homeostasis *. In response to inflammatory signals (i.e. bacterial infection
2), circulating MOs extravasate and reach the inflamed tissues, where they terminally
differentiate into MACs and/or dendritic cells (DCs). MO-to-MAC differentiation can be
recapitulated in vitro by exposing them to GM-CSF or M-CSF, with in vitro differentiated GM-
CSF-MACs producing larger amounts of pro-inflammatory cytokines than M-CSF-MACs.
Moreover, MOs can themselves respond to inflammatory cytokines, such as interleukin (IL)-1B,

which promotes their activation.

Inflammation is critical to protect the host against pathogen infection but must be
tightly regulated. Insufficient inflammation can lead to persistent infection of pathogens
whereas excessive inflammation can cause inflammatory diseases. A crucial component of the
MO/MAC defence against microbial pathogens and endogenous danger signals is the
inflammasome. The inflammasomes are multimeric complexes, that assemble in the cytosol
after sensing pathogens- or danger-associated molecular patterns (microbial pathogens,
endogenous ATP, uric acid) 3. Once assembled, caspase-1 (CASP-1) is recruited and activated by
the inflammasome, thus being able to produce the active forms of IL-1p and IL-18, and induce
an inflammatory form of cell death known as pyroptosis *. Both cytokines are key for the
inflammation response, due to their function in orchestrating the innate and adaptive immune
response, such as their function in mediating the interaction between NK cells and DCs °, or their

capacity to induce T cell polarisation ®.

Inflammasomes consist of a sensor molecule, an adaptor molecule, and the effector
molecule CASP-1. The sensor molecules are either members of the NOD-like receptor (NLR) or
the absentin melanoma 2 (AIM2)-like receptor (ALR) families 3. The adaptor molecule apoptosis-
associated speck-like protein containing a caspase activation and recruitment domain (ASC),
contains specific domains needed for a proper interaction between sensor molecules and CASP-
1. Once activated by the inflammasome, CASP-1is able to cleave different inflammatory proteins
(IL-1 B, IL-18, IL-33) into their bioactive forms 7. Interestingly, the adaptor molecule ASC is not
always essential for recruiting CASP-1, as some sensor molecules of the NLR family (i.e. NLRP1)

contain the CARD domain 8.

Related with these molecules, Interleukin-1 receptor antagonist (encoded by ILIRN) is a

potent anti-inflammatory molecule that modulates the biological activity of IL-1 by competing
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with IL-1a and IL-1B for IL-1RI binding, thus preventing the formation of a receptor signalling

complex and terminating IL-1a and IL-1B-mediated signalling.

The NLRP3 inflammasome is the most extensively studied inflammasome, and is formed
after oligomerization of NLRP3, ASC and pro-CASP-1. Other inflammasomes studied and relevant
during inflammation are NLRP4, NLRP6, NLRP7, NLRP12, IFI16 and AIM2 °. The relevance of the
NLRP3 inflammasome is evidenced by the fact that gain-of-function mutations in the NLRP3
gene [also known as Cold Induced Autoinflammatory Syndrome 1 (CIAS1) gene] cause a
monogenic autoinflammatory disease named Cryopyrin-Associated Periodic Syndromes (CAPS)
which include three different phenotypes named familial cold autoinflammatory syndrome, the
Muckle-Wells syndrome and neonatal-onset multisystem inflammatory disease.
Autoinflammatory syndromes are a distinct group of diseases characterized by periodic or
chronic episodes of systemic inflammatory attacks in the absence of infection or autoimmune
disease. Currently, there are over 20 genes that have been associated with different monogenic
autoinflammatory syndromes °. Other examples besides NLRP3 include the MEFV gene, which
encodes the pyrin protein that is mutated in Familial Mediterrean fever (FMF), and the PSTPIP1
gene, which is mutated in the pyogenic sterile arthritis, pyoderma gangrenosum and acne

(PAPA) syndrome.

Despite the well established genetic nature of these syndromes, it had been reported
genetically-confirmed healthy individuals in these syndromes, which suggest that the
penetrance of the diseases may vary probably as consequence of factors beyond the specific
genetic defect. In this sense, it is likely that epigenetic alterations may also participate in the

pathogenesis of these syndromes.

Epigenetic modifications, including methylation at cytosines followed by guanines
(CpGs) and histone post-translational modifications, are associated with the gene expression
status. Changes in these two types of epigenetic modifications take place during cell
differentiation. Specifically, genes relevant to MAC function become demethylated (and
overexpressed) during MO-to-MAC differentiation '*. We can hypothesize whether altered
epigenetic changes could drive differentiation, or alternatively, whether the aforementioned
mutations in autoinflammatory syndromes-associated genes have downstream consequences
that eventually drive altered patterns of methylation. By inspecting data from our previous study
(Vento-Tormo et al. 2015, In Press; GEO Series accession number GSE71837), we observed that
several of the inflammasome-related genes become demethylated during MO-to-MAC

differentiation, suggesting a role for DNA methylation in the regulation of the transcriptional
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status of these genes. In this sense, we hypothesized that these genes are differentially
methylated in MOs or MACs from patients with autoinflammatory syndromes with respect to
those from healthy individuals. To explore this hypothesis, we performed bisulfite
pyrosequencing of these inflammasome-associated genes and confirmed a time dependent
demethylation during MO-to-MAC differentiation, correlating with upregulation, either during
the differentiation step, or following stimulation with lipopolysaccharide (LPS). Downregulation
of the methylcytosine dioxygenase TET2, an enzyme involved in the multistep mechanism
leading to active demethylation, resulted in impaired demethylation of these genes, as well as
decreased upregulation, demonstrating the relevance of the methylation status of these genes
in their transcriptional status. We found that inflammasome-related genes are also
demethylated in MOs under inflammatory conditions, such as IL-1 B exposure. Both
differentiation and inflammation-related demethylation of inflammasome genes directly
depends on stimulation of the NF-kB pathway, as demonstrated by its pharmacological
inhibition and the direct interaction of the NF-kB p65 subunit with inflammasome genes that
become demethylated. Finally, we have demonstrated that inflammasome genes display more
efficient demethylation in activated MOs from patients with CAPS and FMF. Lower DNA
methylation levels in these patients correlate with higher gene expression, supporting the
functional relevance of DNA demethylation in the abnormal expression levels of these gene

products in autoinflammatory syndromes.

Results

A DNA demethylation signature of inflammasome-associated genes during monocyte-to-

macrophage differentiation

The comparison of DNA methylation changes during GM-CSF-mediated differentiation from
primary human MOs to MACs (followed by LPS-mediated activation) had revealed loss of
methylation in thousands of CpG sites, many of which occur in genes relevant to MAC identity
and function and are accompanied by subsequent gene expression upregulation (from Vento-
Tormo et al. 2015, In Press). Interestingly, among those genes displaying significant
demethylation, we identified several related with the inflammasome or its targets (Figure 1A).
Specifically, genes like those encoding interleukins IL-1a and IL-1 B; the IL-1 a receptor
antagonist encoding gene IL1IRN; the enzyme responsible for cleaving IL-1 B, CASP-1; genes
encoding inflammasome sensor proteins like AIM2 12 and NLRC5 *3; or the adaptor PYCARD ’,
displayed loss of methylation in CpG sites in different genomic locations (Figure 1B). Bisulfite

pyrosequencing of these CpG sites during MO-to-MAC differentiation confirmed these changes
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over time (Figure 1C). In some cases, like IL1B, changes were very fast and a demethylation
change of over 80% occurred within 24 h after exposure to GM-CSF (Figure 1C). Other genes
(ILIRN, NLRC5 and AIM_2) displayed more gradual methylation changes. Interestingly, in other
situations it has been reported that /L1B and its antagonist /LIRN tend to undergo parallel
changes in expression. In these analyses, we included control genes that do not become
demethylated during MO-to-MAC differentiation (only after the combined exposure of GM-CSF
and IL-4), like DUOX1.

In parallel, we also performed quantitative RT-PCR (qRT-PCR) to investigate expression
changes of these inflammasome-associated genes over time. These analyses showed that
several of these genes, like IL1A and IL1B, undergo an increase in their mRNA levels, but only
after LPS-mediated activation (Figure 1C). In summary, our results showed that inflammasome-
associated genes were either concomitantly activated as demethylation progressed, or that
demethylation seemed to constitute a necessary and previous step to ensure upregulation of

gene expression during the LPS-mediated activation step.

To explore the dependence of DNA demethylation on the gain of expression of these
genes, we downregulated the methylcytosine dioxygenase TET2, which has been shown to
participate in active demethylation in MOs 4. To this end, we performed siRNA experiments to
test the effects of depleting this enzyme on the demethylation and the upregulation of
inflammasome genes. In addition, we also tested the effects on control genes like DUOX1. We
observed partial impairment of demethylation following TET2 depletion (Figure 1D). The
impairment was partial due to a technical aspect related to the inability to achieve the maximum
downregulation of TET2 before the differentiation processes had already started. We also
observed that these genes accumulate 5-hydroxymethylcytosine (5hmC), the result of the
activity of TET2, and that the levels of 5hmC are decreased following TET2 downregulation
(Figure 1D). In summary, we can conclude that inflammasome-associated genes depend on

TET2-mediated demethylation to become activated.

Direct stimulation of the inflammasome in MOs results in active demethylation of IL-1B, ILIRN

and CASP-1

In recent years, it has become clear that MOs carry out specific effector functions during
inflammation °. MOs can therefore be directly stimulated under inflammatory conditions such

as the direct encounter with bacterial antigens, like LPS, or even interleukin IL-1 B.

Our previous results had demonstrated the dependence of expression of inflammasome

genes on TET2-mediated DNA demethylation in GM-CSF-mediated MO-to-MAC differentiation.
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We now wondered whether these genes also become demethylated in MOs exposed to
inflammatory conditions, such as those resulting from toll-like receptors (TLRs) stimulation. To
this end we compared the DNA methylation changes in MOs under exposure to IL-1 § and LPS
(Figure 2A).

To explore the ability of inflammasome-associated genes to become demethylated we
used different conditions to stimulate the inflammasome. We exposed MOs to IL-1 B (20 ng/ml)
and LPS (1000 ng/ml) over a period of 24 h. In the case of LPS, we used it alone or in combination
with monosodium urate (MSU) crystals (at 200 ng/ml), an NLRP3 inflammasome inducer *¢, or
in the presence of ATP (at 1 mM) ¥’. These conditions were compared to the exposure of MOs

to GM-CSF (leading to MAC differentiation).

To test whether these conditions induce apoptosis or necrosis we performed flow
cytometry analysis using Annexin V and 7-aminoactinomycin D (7-AAD) staining, and with
exposure to camptothecin as a positive control of apoptosis (Figure 2B). We observed that GM-

CSF and IL-1 B did not stimulate apoptosis.

Following exposure of MOs to these different stimuli, we performed bisulfite
pyrosequencing and quantitative RT-PCR of inflammasome-associated genes. To test the
specificity of the observed changes we also analyzed genes that undergo demethylation during
MO-to-MAC differentiation but are not necessarily linked to inflammation (i.e. MITF). We
observed that both LPS and IL-1 B stimulation only resulted in demethylation of inflammasome-
associated genes like IL1B in a 24 h period (Figure 2C). Our results were also consistent with the
property of MSU crystals to enhance LPS-induced release of IL-1 B by MOs through a CASP-1-
mediated process 8. Under our conditions, demethylation associated with IL-1 B or LPS
stimulation only affected inflammasome genes (Figure 2C). Changes in DNA methylation of
inflammasome genes were associated with a peak of increased mRNA levels around 3-6 h
following stimulation (Figure 2D), whereas control genes (DUOX1 or MITF) displayed a different

expression dynamics over time.

NF-kB mediates demethylation of inflammasome-associated genes

It is known that TLR-initiated signals generate a strong NF-kB mediated response in MOs and
MACs (Figure 3A). Analysis of the sequences in a 5000 bp window around the TSS in genes
demethylated in inflammasome-associated genes showed enrichment of NF-kB p65 subunit
binding sites (Figure 3B). To investigate the involvement of NF-kB in the DNA demethylation
process affecting inflammasome genes, we first explored the influence of NF-kB inhibitors on

DNA demethylation. To this end, we treated MOs with the NF-kB inhibitor Bay 11-7082 and
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investigated its effects on the DNA methylation changes of inflammasome-associated genes
following in different conditions (GM-CSF, IL-1 B and LPS in the absence or presence of MSU and
ATP). Bay 11-7082 selectively and irreversibly inhibits the TNF-a-inducible phosphorylation of
IkBa, resulting in the reduced expression of NF-kB and of adhesion molecules. Bay 11-7082
eventually reduces the levels of phosphorylated Ser536 of p65, which corresponds to its active
form. We tested similar concentrations to the ones previously tested *°, and selected 10 uM for
Bay 11-7082. We then performed bisulfite pyrosequencing to measure the effects of this NF-kB
inhibitor on the DNA methylation levels of inflammasome-associated genes. Bay 11-7082
dramatically impaired DNA demethylation in all cases (Figure 3C). Control genes not related with
inflammation like MITF did not display this impairmentin demethylation or occurred at a smaller

degree (Figure 3D). These effects were also observed at the expression level (Figure 3D).

To test the potential direct effect of NF-kB on these methylation changes, we then
performed ChlIP assays to assess the binding of NF-kB subunit p65 to inflammasome genes. We
confirmed the specific binding of NF-kB p65 to these genes (Figure 3E), particularly evident
following stimulation with IL-1 B and LPS, reinforcing the notion that NF-kB participates in the

regulation of these genes.

Patients with monogenic autoinflammatory diseases are more prone to demethylation of

inflammasome genes

The ability of inflammasome-associated genes to become demethylated and activated provides
a potential mechanism that could be dysregulated under certain conditions. As previously
introduced, monogenic autoinflammatory syndromes depend on activating genetic mutations
like those in the NLRP3 or MEFV genes, associated with CAPS and FMF, respectively. These two
genes encode the cryopyrin and pyrin proteins, respectively, which are prototypical
inflammasome-related proteins. Given the enhanced pro-inflammatory response of MOs and
MACs in patients affected from these syndromes, we wondered whether inflammasome-related

genes would also display aberrant methylation levels.

We therefore compared the ability to demethylate inflammasome-related genesin MOs
following stimulation by GM-CSF, leading to differentiation to MACs, or under the
aforementioned inflammatory conditions in the presence of IL-1 B, in a small cohort of patients
with CAPS (n=8), patients with FMF (n=5) and healthy controls (n=13). Patients with CAPS and

FMF displayed bona fide mutations (Supplementary Table 1).

We observed that unstimulated MOs from patients and healthy controls displayed

virtually identical levels of DNA methylation for genes like IL1B, ILRIN and NLRC5. However, we
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observed that MOs treated with IL-1B undergo significantly more efficient demethylation in
patients with CAPS when compared to healthy controls. This tendency was also observed for
MOs stimulated with GM-CSF for 24 h. (Figure 4A and 4B). Despite the small range of the
differences observed, these results suggest that inflammasome-related genes have a tendency

to become demethylated in patients with monogenic autoinflammatory diseases.

In summary, our results indicate that IL-1 § and LPS-stimulated MOs from patients with
CAPS patients display lower methylation and higher gene expression levels than their healthy
counterparts. The difference between our observations for CAPS and FMF patients may add an
additional potential biomarker that suggest a difference in the epigenetic pathway related to

the exacerbated upregulation of inflammasome related genes in these two diseases.

Discussion

Our results identify for the first time the existence of a TET2-dependent DNA demethylation
signature forinflammasome-related genes both in MO-to-MAC differentiation and in MOs under
inflammatory conditions. The ability of inflammasome-related genes to become demethylated
is also dependent on NF-kB. Moreover, we report that the DNA methylation-dependent
regulation of inflammasome product genes, notably I/L1B, is altered in autoinflammatory
diseases like CAPS and FMF, providing a complementary mechanism, in addition to the well
described genetic defects, for the exacerbated inflammatory function in these diseases, and a

potential source for therapeutic targeted treatments.

Our study reports the relationships between DNA demethylation and upregulation of
inflammasome-related genes both in MO-to-MAC differentiation and also upon direct TLR-
mediated stimulation of MOs. Moreover, we have demonstrated in the case of GM-CSF-
mediated MO-to-MAC differentiation that, for several of these genes, DNA demethylation
occurs during the differentiation step, prior to their increase in expression which occurs only
once MACs are activated with LPS. This suggests that DNA demethylation is a first and required
step to guarantee a proper and fast response of the inflammasome against an external
aggressor. DNA demethylation is also TET2 dependent, as demonstrated by the partial
impairment of these effects following TET2 downregulation. In fact, TET2 downregulation
prevents DNA demethylation, upregulation and proper inflammasome-mediated response, thus
supporting the relevance of active DNA demethylation during the process. Once again, these
results are in agreement with the general observation of DNA demethylation during in vivo

myeloid differentiation, studied previously by our group and others (Vento-Tormo et al, In Press;

11, 20).
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For the majority of inflammasome-related genes, DNA demethylation is rapidly induced
within the first 24 h following MO stimulation with GM-CSF, LPS or IL-1 B. On a practical note,
this rapid demethylation dynamics limits the possibility of performing optimal inhibition

experiments to downregulate efficiently TET2.

Our data shows that several of the genes in the inflammasome cascade are regulated
by DNA methylation changes. For example, we found DNA demethylation of genes encoding for
sensor molecules NLRC5 and AIM2. NLRC5, a member of the NLRs family, is activated by a variety
of signals including LPS, and AIM2 assembles upon sensing foreign cytoplasmic double-stranded
DNA. When these proteins detect danger signals, they are able to oligomerize and form the
inflammasome structure. PYCARD and CASP-1, respectively adaptor and effector molecules of
the inflammasome, are also demethylated. PYCARD is an adaptor protein that is able to recruit
CASP-1, which is involved in the production of active forms of inflammatory cytokines like IL-1a
or IL-1B, which are also regulated by demethylation during both MO-to-MAC differentiation and
MO direct activation. Other proteins associated with the inflammasome activity, for which their
encoding genes become demethylated in these processes, include ILIRN and PSTPIP2. ILIRN is
an antagonist of the /L1B gene and is overexpressed during inflammation, perhaps as a
compensatory mechanism for IL-1B signaling. On the other hand, PSTPIP2 is a negative regulator

of caspase-1-autonomous IL-1B production.

Our results also prove the implication of NF-kB in relation with DNA demethylation and
upregulation of inflammasome-related genes during MO activation. NF-kB may participate
directly or indirectly in the recruitment of TET2 resulting in subsequent DNA demethylation.
However, in a previous study from our group focusing on another MO-derived differentiation
model, we were unable to identify an interaction between the p65 subunit of NF-kB and TET2,

but interaction with other sub-units cannot be ruled out 2*

. Additional experiments to explore
the potential interaction between other NF-kB subunits and TET2 would be needed. Due to the
relevance of DNA methylation mechanisms in the disease, one could speculate whether NF-kB
pathway modulators could be employed in patients with autoinflammatory diseases in order to

improve their therapies.

Finally, we have also demonstrated that this DNA demethylation signature occurs in two
representative IL-1B -driven monogenic autoinflammatory diseases such as CAPS and FMF,
which are associated with increased activity of inflammasome and increased production of
biologically active IL-1B. Despite the well recognized associations of these diseases with

mutations in inflammasome-related genes (NLRP3 and MEFV), there are both patients with the
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archetypical clinical features (periodic fever, sterile inflammation) carrying low-penetrance
variants or even healthy individuals carrying bona fide mutations. It is likely that alternative
mechanisms, including DNA methylation alterations, related to the aberrant activation of the
inflammasome could also participate in the pathogenesis of these disorders. In this sense, our
findings support the notion that DNA demethylation is associated with the acquisition of the
CAPS and FMF phenotype, and could set a lower threshold for IL-1 B production, establishing a
positive loop leading to more IL-1 B production and further inflammasome activation. It is
remarkable that non stimulated MOs or differentiated MACs do not display differences in these
genes respect to the DNA methylation status of the inflammasome-related genes among
patients and healthy controls, and only IL-1B stimulation is capable of discriminating or
evidencing a difference between them. Such result would suggest that the presence of IL-18,
which recapitulates the natural environment of MOs in these diseases, poises DNA methylation
changes in patients, causing a major induction of gene expression in contrast to controls. In
other words, the presence of IL-13 induces DNA demethylation of inflammasome-related genes
that are at the same time stimulating the production of IL-1B. In patients, MOs present a higher
rate of IL-1B production than in healthy individuals, and therefore stimulating DNA

demethylation at a faster rate.

In our experiments, we had a few examples of patients harboring different mutations
who exhibited a similar methylation profile in IL-1 B -stimulated MOs in genes like IL1B, ILRIN
and NLRC5. These findings suggest that DNA methylation alterations could potentially be used
as a biomarker for these diseases, reaching to those symptomatic patients that do not meet the
genetic diagnostic criteria. In this sense, the generation of high-throughput profiles of DNA
methylation for these patients could provide further insight into pathogenic mechanisms as well

as broaden diagnostic capacity.

For the selected inflammasome-related genes we did not observe any pre-existing DNA
methylation defect in MOs. Perhaps inflammasome activation could cause pyroptosis (a type of
cell death), and therefore these cells would be discarded (and not isolated with our separation
procedure). For that reason, it is possible that these discarded cells correspond to those that are
exposed longer to IL-1B stimulus and consequently, with higher rates of DNA hypomethylation.
In any case, further high-throughput DNA methylation analysis would allow identifying potential

pre-existing epigenetic lesions in MOs that occur before any type of induction.

In summary, our study suggests the existence of a DNA methylation-mediated control

of inflammasome-related genes in MOs that is likely to contribute to set a quick response in an
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inflammatory environment. These changes are exacerbated in the context of IL-1 B mediated
monogenic autoinflammatory diseases. Whether these alterations are causal or consequence of
an upstream dysregulated signal (perhaps additional mutations) remains to be determined.
However, our results provide additional targets for potential therapeutic intervention and
highlight the need of exploring these mechanisms further to test the possibility of using these

epigenetic events as biomarkers in the context of autoinflammation.

Material and Methods

Isolation of peripheral blood MOs and differentiation and activation experiments

Human samples (blood) corresponding to healthy controls (or for MO differentiation or
activation) purposes used in this study came from anonymous blood donors and were obtained
as buffy coats from the Catalan Blood and Tissue Bank (Banc de Sang i Teixits) in Barcelona. The
anonymous blood donors received oral and written information about the possibility that their
blood would be used for research purposes, and any questions that arose were then answered.
Before obtaining the first blood sample all donors signed a consent form at the Banc de Teixits.
The Banc de Sang follows the principles set out in the WMA Declaration of Helsinki. Regarding
the blood samples corresponding to CAPS and FMF patients, they came from Hospital Clinic and
Hospital Vall d'Hebron, both in Barcelona. Clinicians had approval from their corresponding
Ethics committees and patients signed an informed consent. The blood was carefully layered on
a Ficoll-Paque gradient (Amersham, Buckinghamshire, UK) and centrifuged at 2000 rpm for 30
min without braking. Peripheral blood mononuclear cells (PBMCs), from the interface between
the plasma and the Ficoll-Paque gradient, were then collected and washed twice with ice-cold
PBS, followed by centrifugation at 2000 rpm for 5 min. Pure MOs were isolated from PBMCs
using positive selection with MACS magnetic CD14 antibody (Miltenyi Biotec, Bergisch Gladbach,
Germany). Cells were then resuspended in RPMI Medium 1640 (1X) + GlutaMAXTM-1 (Gibco,
Life Technologies™) containing 10% foetal bovine serum, 100 units/ml penicillin, 100 ug/ml
streptomycin and antimycotic. For MAC differentiation, medium was supplemented with 800U
GM-CSF (Gentaur Molecular Products). MOs were also activated either with LPS (1 pg/ml, Sigma-
Aldrich) or with IL-1 B (10ng/ml, Peprotech) and samples were harvested at different time points
between 0 and 24 h.

Bisulphite sequencing and pyrosequencing

Bisulphite pyrosequencing was used to validate CpG methylation changes resulting from the

analysis with the Infinium HumanMethylation450 BeadChips. Bisulphite modification of
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genomic DNA isolated from MOs, DCs, and MACs was performed by standard methods.
Oxidative bisulphite modifications was performed as described recently by Booth and colleagues
22 The time course was measured in biological triplicates. Briefly, 2 pl of the converted DNA
(corresponding to approximately 20-30 ng) were used as a template in each subsequent PCR.
Primers for PCR amplification and sequencing were designed with the PyroMark® Assay Design
2.0 software (Qiagen). PCRs were performed with the HotStart Taqg DNA polymerase PCR kit
(Qiagen), and the success of amplification was assessed by agarose gel electrophoresis. PCR
products were pyrosequenced with the PyromarkTM Q24 system (Qiagen). All primer sequences

are listed in Supplementary Table 2.

Quantitative RT-PCR

For quantitative RT-PCR of cellular genes, cDNA was produced with the SuperScript Il Reverse
Transcriptase (Invitrogen Co). Quantitative Real-Time PCR (Q-RT-PCR) was done on a LightCycler
480 Il System using LightCycler 480 SYBR Green Mix (Roche). Reactions were carried out in
triplicate and gRT-PCR data were analyzed using the standard curve method. We used the
housekeeping gene RPL38 and HPRT1 as a control. All primer sequences are listed in

Supplementary Table 2.

Transfection of primary human MOs

We used ON-TARGETplus siRNAs against TET2 to perform knockdown experiments in peripheral
blood MOs. We also used ON-TARGETplus Non-targeting Control Pool as a negative control. We
transfected MOs with siRNAs using Lipofectamine 3000 Reagent (Thermo Fisher Scientific Co.,
Carlsbad, CA, USA) and added cytokines 24 h later. We examined the levels of the target proteins
by western blot 4 days after siRNA transfection. Three biological replicates of the experiments

were performed.

Graphs and heatmaps

All graphs were created using Prism5 Graphpad. Heatmaps of the expression or methylation

data were generated using the Genesis program (Graz University of Technology).

Putative binding of NF-kB motifs

Possible occurrence of NF-kB subunit binding motifs in the region comprising 2500 bp upstream
and 2500 bp downstream with respect to transcription start site was inspected using TRANSFAC

and ConSite matrices. The matches of the sequences against the set of TRANSFAC matrices were
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performed using R environment, specifically the functions countsPWM and matchPWM

contained in the Bioconductor package Biostrings.

Chromatin immunoprecipitation (ChlIP) assays

To test the binding of p65 NF-kB to inflammasome gene portions with putative binding sites, we
performed ChIP assays as previously described. We used a rabbit polyclonal against the C-t of
NF-kB p65 (sc-372, Santa Cruz Biotechnology. Immunoprecipitated material was used for
analyses of specific sequences by quantitative RT-PCR (see primers sequences in Supplementary

Table 2).
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Figure legends

Figure 1. Inflammasome genes are prone to DNA methylation during MO to MAC differentiation.
(A) Diagram depicting the activation of the inflammasome upon LPS or IL1A/IL1B binding to their
receptor (TLR4 or IL-1R respectively), k pathway activation and induction of inflammasome
components. Stress or cell damage signals trigger inflammasome assembly and activate pro-
caspase 1. In turn, activated Caspase 1 cleaves pro-IL1Binto bioactive IL1B that is released.
Mature IL1Bbinds IL1R, establishing a positive loop of inflammasome activation. (B) Heatmaps
showing methylation and expression changes in genes related to inflammasome, between MOs,
iMACs and mMACs. A scale is shown at the bottom, where normalized beta-values (for DNA
methylation), and expression values (for gene expression, in arbitrary units) range from -3 (lower
levels, blue) to +3 (higher levels, red) (C) Dynamics of loss of DNA methylation measured by
bisulphite pyrosequencing of modified DNA and gain of gene expression (QRT-PCR) during MO
to MAC differentiation in the presence of GM-CSF. Data were relative to HPRT1 and RPL38, used

as controls. (D) Effects of siRNA silencing of TET2 on DNA methyl intermediates over time are
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shown. We analyze both 5-methylcytosine (5mC) and 5-hydroxymethylcytosine by combining
DNA bisulphite (BS) and oxidative bisulphite (oxBS) techniques (BS = 5mC + 5hmC, oxBS= 5mC).

Figure 2. Loss of DNA methylation in inflammasome genes occurs both in MO-to-MAC
differentiation and MO activation. (A) A scheme depicting the different treatments applied to
MOs. (B) Viability and apoptosis in MO cultured using different inflammasome stimuli (from left
to right and top to bottom: LPS, LPS+ATP, LPS+MSU, IL1B, GM-CSF and camptothecin) were
analysed with assays using Annexin V and 7-aminoactinomycin D (7-AAD). (C) DNA methylation
quantified by bisulphite pyrosequencing of modified DNA, in MOs cultured in different stimuli
over time (LPS, LPS+ATP, LPS+MSU in blue, IL-1B in red, and GM-CSF in green). Besides
inflammasome-associated genes, we included two control genes, DUOX1 and MITF (D) Changes

of gene expression by gRT-PCR in MOs cultured in the same conditions described above.

Figure 3. Analysis of NF-kB pathway contribution to demethylation of inflammasome genes. (A)
Scheme showing NF-kB pathway activated by TLR4 and IL1R. The inhibition point of BAY11-7082
is depicted in red. (B) NF-kB subunit p65 binding sites in inflammasome genes that undergo
demethylation were predicted using match analysis based on TRANSFAC matrix and ConSite
predicting tool and are represented. P65 Binding sites were calculated from +/-2500 bp around
TSS. The regions selected for designing primers for ChIP assays are underlined (C) Time course
analysis of DNA methylation of inflammasome genes upon indicated inflammasome stumuli in
the presence or absence of the NF-kB inhibitor BAY 11-7082 was performed by bisulphite
modified DNA pyrosequencing. The graphs in the left side show the results obtained for 5
different genes in a time course manner. Each point is the average of independent biological
duplicates. The name of each of the genes analyzed is indicated on the left, and the treatments
(LPS, IL-1 B and GM-CSF) on top of each graph. In the right panel, heatmaps for each of the
treatment (LPS, IL-1 B and GM-CSF) summarize the level of methylation for a panel of 8 genes.
(D) Effects on gains of gene expression for the same inflammaose-associated genes in the
absence or presence of the NF-kB inhibitor BAY 11-7082, as analyzed by gRT-PCR in MOs
cultured in the same conditions described above (E) ChlP assays for a selection of inflammasome
genes showing the binding of the NF-kB p65 12 and 24 h following stimulation of MOs with IL-
1B, LPS, GM-CSF.

Figure 4. Comparison of the demethylation of inflammasome genes in CAPS and FMF MOs
versus those from healthy individuals. (A) Methylation levels of MOs stimulated with IL-1  for
24 h, as estimated by bisulphate pyrosequencing. (B) Methylation levels of MOs stimulated with

GM-CSF for 24 h, as estimated by bisulphate pyrosequencing
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Figure 3
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Abstract

DNA methylation-mediated regulation drives and stabilizes transcription states throughout
development. In myeloid differentiation, DNA methylation changes occur predominantly in the
direction towards hypomethylation. Also, in vitro differentiation of monocytes to dendritic cells
and macrophages is characterized by DNA demethylation. In this study, we identified the
existence of methylation changes in the direction of hypermethylation among genes that
become repressed during monocyte-to-dendritic cell differentiation. We identified the
acquisition of DNA methylation in genes such as CSF3R, FYN, and CX3CR1, but notin others, such
as CD14. Analysis of the dynamics of methylation and expression changes of these genes
revealed that loss of expression was rapid and was associated with the loss of H3K4me3 and
H3K36me3, whereas gains of DNA methylation were progressive and partially concomitant with
increases in H3K9me3 and H3K27me3. Inhibition of DNA methyltransferases, with the DNA
replication-independent drug nanaomycin A, revealed that there were no effects on expression
and H3K4me3 changes, despite the partial impairment of DNA methylation and H3K27me3
acquisition. However, cells treated with the DNA methyltransferase inhibitor showed lower
levels of dendritic cell surface markers, suggesting a potential effect on the stability of the
differentiated phenotype. Our data give rise to a novel perspective on the functional relevance

and mechanisms of the acquisition of DNA methylation in myeloid cell differentiation.
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Introduction

DNA methylation is a major epigenetic mechanism involved in determining and stabilising cell-
fate decisions. Differentiation changes during haematopoiesis are directional; cells become less
methylated as differentiation progresses in the myeloid branch [1-4], and this is accompanied
by the upregulation of lineage-specific genes. Comparison of progenitors and cells at the various
stages of differentiation in the lymphoid and myeloid branches has confirmed this
hypomethylation trend in the latter, in contrast to the changes observed in lymphoid
differentiation. Demethylation also characterizes myeloid cell terminal differentiation processes
that lead to functional mature cell types. The findings obtained with in vitro models that
recapitulate terminal differentiation in the myeloid lineage are consistent with the findings
obtained from comparing cells isolated at different stages of differentiation. For instance,
monocyte (MO)-to-dendritic cell (DC) and MO-to-macrophage (MAC) differentiation are also
accompanied by DNA demethylation [5,6], although other MO-related differentiation models,
such as MOto-osteoclast differentiation, show acquisition of DNA methylation to a similar extent
as demethylation events [7]. However, this latter differentiation process might be an exception,
given that it is accompanied by massive cellular fusion and generation of polykaryons, in which
the genetic material is redundant and high levels of repression are required. The restricted
occurrence of hypermethylation events in myeloid differentiation processes raises questions
about the functional relevance and mechanisms involved in silencing inappropriate genes during
lineage commitment. In fact, examining the dynamics of DNA methylation changes in both
directions reveals that the timing is different for DNA demethylation and gene activation than

for acquisition of DNA methylation and gene silencing [7].

The establishment of de novo DNA methylation has been well studied in oocytes and
during development [8,9], and also in the context of cancer, where many CpG islands become
hypermethylated [10]. Findings in recent years have revealed that DNA hypermethylation in
cancer is mainly driven by instructive mechanisms [11]. On the other hand, hypermethylation in
cancer cells constitutes a mechanism leading to the inappropriate silencing of genes, particularly
when it involves cell cycle or tumour suppressor genes. This has given rise to an interest in the

generation of drugs that can reverse aberrant hypermethylation.

As this process is rather limited in the context of differentiation, e.g. in myeloid cells,
where DNA demethylation seems to predominate, little is known about the roles and
mechanisms associated with genes that become hypermethylated. We do not know whether

hypermethylation occurs mainly in a passive manner. Also, we do not fully understand why
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certain genes that are repressed become hypermethylated, whereas others do not. It is likely
that acquisition of DNA methylation during differentiation occurs through instructive

mechanisms as well.

Here, we investigated the dynamics of the setting of DNA methylation during MO-to-DC
and MO-to-MAC differentiation, and its potential functional relevance to these differentiation
processes. To this end, we chose several genes that are repressed when MOs differentiate to
DCs and MACs. We identified changes towards hypermethylation in a few CpG sites near the
transcription start sites (TSSs) of genes such as the granulocyte-specific gene CSF3R and the
kinase gene FYN. In contrast, CD14, which is also repressed during these two differentiation
processes, showed no changes in DNA methylation. These changes occurred after a decrease in
histone H3K4me3 and H3K36me3, but were coincident with the increase in repressive markers
such as H3K9me3 and H3K27me3. Inhibition of DNA methyltransferases (DNMTs) with
nanaomycin A, a replication-independent specific inhibitor of DNMT3b, did not alter the
repression of these genes, even though the acquisition of hypermethylation was partially
abolished. Flow cytometry analyses indicated that such decreases in the acquisition of DNA
methylation affected the expression levels of DC-characteristic surface markers, suggesting a
potential role in establishing the phenotype of these cells. Our results indicate that acquisition
of DNA methylation has little effect on the direct expression changes of hypermethylated genes,

although a general role in stabilising the differentiated phenotype cannot be discounted.
Results

Acquisition of DNA methylation in genes that are repressed during the MO-derived

differentiation processes

DNA methylation changes in MO-to-MAC and MO to-DC differentiation mainly occur in the
direction of demethylation [5,6]. This is consistent with the results obtained from comparing the
DNA methylation profiles of isolated cells at different stages of myeloid differentiation, in which
demethylation occurs as differentiation progresses. The above-referenced analyses on MO-to-
MAC and MO-to-DC differentiation were performed with a low-resolution method [5] or an
array-based method [6], which, although having a coverage of 99% of RefSeq genes, allows the
analysis of ~ 480 000 of the 28 million CpG sites (~ 1.5%) of the human methylome. This means
that, despite the overall prevalence of DNA demethylation events, the acquisition of DNA
methylation at individual CpG sites in these differentiation processes might have been
underestimated. To investigate the potential acquisition of DNA methylation at CpGs in genes

that are repressed during these processes, we focused on a selection of genes. To this end, we
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first derived MACs and DCs from MOs by stimulating peripheral blood monocytes with
granulocyte-MAC colony-stimulating factor (GM-CSF) and GM-CSF + interleukin (IL)-4,
respectively. We also stimulated immature MACs (iMACs) and immature DCs (iDCs) with
lipopolysaccharide (LPS) to generate their mature counterparts (Fig. 1A). These cells showed the
expected changes in surface markers such as CD14, the level of which decreased during
differentiation towards DCs, whereas the decrease in CD14 level in MACs was less marked (Fig.
1B). On the other hand, the level of CD209 increased in DCs, but not in MACs, as expected.
Finally, the level of the mature DC surface marker CD83 increased only DCs after exposure to
LPS, but not in MACs (Fig. 1B), as revealed by fluorescenceactivated cell sorting (FACS) analysis.
We also used quantitative RT-PCR to determine the mRNA levels of these and specific markers
of DCs and MACs (Fig. 1C). These included not only CD209 and CD83, but also CD206 (common
to DCs and MACs), CD86 (characteristic of mature DCs and MACs), LAIR1 (specific to MACs), and
CXCL13 (specific to mature MACs) (Fig. 1C). We then tested the occurrence of cell division during
these two differentiation processes. We measured the levels of cell proliferation by incubating
cells with bromodeoxyuridine (BrdU). Fewer than 10% were found to be BrdU-positive between
1 and 5 days, confirming the low replication rate of these cells (Fig. 1D). This supports the notion

that any DNA methylation changes observed in this period are independent of DNA replication.

We next investigated changes in the DNA methylation status of selected CpG sites
around the TSSs of selected genes during MO-to-DC and MO-toMAC differentiation. To this end,
we chose genes that are known to become totally or partially silenced during these
differentiation processes. Genes in this selection included the granulocyte-specific gene CSF3R,
which codes for a cytokine that controls the production, differentiation and function of
granulocytes, and CX3CR1, another MO-specific gene. We also included CD14, which codes for
the membrane receptor, and is downregulated in DCs and, to a lesser extent, in MACs. Previous
DNA methylation studies had reported no changes for this gene. Other genes included NLRP3,
which codes for a member of the Nod-like receptor family that is involved in recognising the
molecular patterns expressed by invading pathogens, and FYN, a gene encoding a member of
the src-family Tyr kinases. Finally, we looked at PRKCE, on the basis of our own expression array
data (unpublished results by Vento-Tormo and colleagues). A schematic representation of these
genes and the locations of primers for the expression and DNA methylation analysis is shown in
Fig. 1E. We performed real-time quantitative PCR and compared the expression levels of all the
aforementioned genes between peripheral blood MOs and derived iDCs and iMACs (Fig. 1F). In
all of these comparisons, we found lower levels of expression in the differentiated cells than in

the originating MOs.
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To test the potential increase in the DNA methylation levels in these genes between
MOs and DCs, we first performed bisulfite pyrosequencing of CpG sites located near the TSSs for
all of the genes. Our analysis revealed significantly higher methylation levels in DCs for CSF3R,
FYN, NLRP3 and PRKCE, although no differences were observed for CD14 (Fig. 1G). Changes were
relatively small, and genes such as CSF3R experienced an increase in methylation from 20% in
MOs to 40% in DCs. However, these changes were reproducible in different experiments. The

expression data for these genes in MOs and DCs confirmed an inverse relationship in all cases.

We found changes in almost all cases in the transition from MOs to iDCs and iMACs, with
no further increase in the transition to their mature counterparts following exposure to LPS. In
all cases, except for FYN, DNA methylation was acquired during differentiation to both DCs and

MACs. For this reason, we focused on the MO-to-iDC conversion in the subsequent experiments.

Silencing and loss of activating histone modifications precede hypermethylation during MO-to-

DC differentiation

We observed acquisition of DNA methylation in various genes that become repressed during
differentiation from MOs. Experiments in a related model of MO-toosteoclast differentiation
had revealed that genes that become hypermethylated are silenced before acquiring DNA
methylation [7], indicating that expression changes are driven by other mechanisms. In this
context, DNA methylation changes in such genes would be more likely to play a stabilising role
than be a driving mechanism. This contrasts with the concomitant demethylation associated
with activation that was observed in the same differentiation model [7]. We explored the
dynamics of expression and DNA methylation changes through differentiation to DCs by focusing
on three of the above genes: CSF3R and FYN, in which DNA methylation increases, and CD14, in
which it does not. CSF3R and FYN were chosen because they were among those showing the
greatest changes, and also because of their physiological relevance in the context of DC-to-MAC
differentiation. We found that CSF3R and FYN showed a sharp decrease in expression during the
first 6 h following the addition of GM-CSF and IL-4 (Fig. 2B), whereas DNA methylation increased

more gradually and was delayed with respect to silencing (Fig. 2C).

Our results suggest that expression changes, which occur earlier than DNA methylation
changes, are associated with other regulatory mechanisms, perhaps those related to
transcription factor binding, and possibly with specific histone modifications. Changes in DNA
methylation could also be associated with the subsequent acquisition of other histone
modifications. This prompted us to perform chromatin immunoprecipitation (ChlP) experiments

with four histone modifications, including H3K4me3 and H3K36me3, which are characteristic of
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active transcription at the TSS and downstream of the TSS, respectively, and H3K9me3 and
H3K27me3, which are generally associated with repression. We observed that H3K4me3 and
H3K36me3 decreased early on, whereas changes in H3K9me3 and H3K27me3 coincided in time
with the increase in DNA methylation (Fig. 2D). Remarkably, the transient re-expression of FYN
at intermediate time points during DC differentiation was also reflected by the histone
modifications, with an increase in H3K4me3 and a decrease in H3K27me3 (see the central panel
in Fig. 2). In general, histone modification changes occurred in the proximity of the TSS and were
less apparent when the region from —500 to +500 bp relative to the TSS was analysed (not
shown). Interestingly, we observed that changes in these histone modifications occurred in the
three studied genes, CSF3R, FYN, and CD14, regardless of the acquisition of DNA methylation,

indicating that DNA methylation may not be functionally relevant in the silencing of these genes.

Functional relevance of DNA methylation changes during MO-to-DC differentiation

To test the functional relevance of DNA methylation in MO-to-DC differentiation, we
investigated the potential effects of inhibiting DNMTs throughout the process. We used two
DNMT inhibitors, 5-aza20-deoxycytidine (5azadC) and nanaomycin A. 5azadC induces DNA
demethylation in a replication-coupled manner, and therefore should have a limited effect in
this model, given that ~ 10% of the cells divide during differentiation. Nanaomycin A directly
inhibits DNMT3b activity [12,13]. We used two different concentrations for both inhibitors: 50
and 500 nM for 5azadC, and 100 nM and 500 nM for nanaomycin A. In the case of 5azadC, we
used these concentrations to minimize unwanted secondary effects, including cell death of
primary MOs, which we had tested in pilot studies. These concentrations are slightly lower than
the standard ones used for cancer cell lines. We then investigated the ability of these drugs to
inhibit the acquisition of DNA methylation by the aforementioned genes, and the ability of these
genes to become silenced during differentiation. In addition, we investigated whether these
compounds caused changes in surface markers that can be tested by FACS, but found no effects

on cell viability over the entire differentiation time frame at the concentrations used.

Analysis of the DNA methylation changes during differentiation with pyrosequencing
revealed that both 5azadC and nanaomycin A affected the ability of genes such as CSF3R and
FYN to become hypermethylated (Fig. 3A). The results were more evident for CSF3R, where the
acquisition of methylation was reduced by half, than for FYN, which also has a more complex
pattern of expression and histone modifications over time. We observed that 5azadC had a
moderate effect on the acquisition of DNA methylation, which is likely to be related to the low

division rate of these cells, as cell division is essential for the effect of this drug.
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We then tested the effects of these drugs on the expression levels of CSF3R and FYN.
We found that neither 5azadC nor nanaomycin A influenced the loss of expression or the
dynamics of this, reinforcing the notion that expression changes of these genes occur before the
acquisition of DNA methylation, and that inhibition of DNMTs does not affect their ability to be
silenced (Fig. 3B). We also compared the expression levels of DNMT3b in cells treated with
nanaomycin A and untreated cells by using real-time quantitative PCR, and found no differences
(not shown). This is consistent with the findings of others that specific inhibition by nanaomycin

A does not involve changes in the levels of DNMT3b [12].

We also investigated the levels of H3K4me3, H3K36me3, H3K9me3 and H3K27me3 in
the genes in MOs and iDCs and mDCs in the absence or presence of these DNMT inhibitors.
Whereas we did not find differences in the pattern of H3K4me3 for CSF3R, and only moderate
differences for FYN, with respect to control cells, we observed that the acquisition of H3K27me3
was significantly impaired (Fig. 3C); this may be associated with the existing links between this
histone modification and DNA methylation [14], which is affected by treatment with these
DNMT inhibitors. For H3K36me3 and H3K9me3, as for H3K4me3, we did not see any differences

in cells treated with demethylating agents (not shown).

We then investigated whether the two compounds influenced the ability of cells to
differentiate by studying the surface markers CD209, which is characteristic of DCs, and CD83,
which is characteristic of mature DCs. We observed that, although the numbers of viable cells
were similar in 5azadC-treated and nanaomycin A-treated cells, the levels of CD209 were
significantly lower in those treated with nanaomycin A (Fig. 3D), indicating that inhibition of
DNMT3B affects the stability of the differentiated phenotype of these cells. In parallel, we used
real-time quantitative PCR to analyse these two markers and CD206, as an additional iDC
marker. We found that both CD209 and CD206 levels were decreased in both 5azadC-treated
and nanaomycin A-treated cells, although, again, nanaomycin A had a greater effect than 5azadC

(Fig. 3E).
Discussion

Our results provide evidence for the de novo acquisition of DNA methylation in certain genes
that become repressed during MO-to-MAC and MO-to-DC differentiation. These changes occur
progressively, and are delayed with respect to the loss of expression of such genes. The changes
in expression appear to be more closely correlated with the loss of active histone modifications
such as H3K4me3 and H3K36me3, and are perhaps associated with the direct control of specific

transcriptional repressors. On the other hand, gains of DNA methylation are associated with the
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acquisition of repressive markers such as H3K27me3 and H3K9me3. We assessed the functional
relevance of these DNA methylation changes in the genes considered here by using two DNMT
inhibitors. The results suggest that partial impairment of DNA methylation acquisition does not
alter the ability of these genes to become repressed. However, we did note an effect of DNMT
inhibition on the phenotype of the DCs, which suggests that it has a role in stabilizing the

differentiated phenotype.

There is compelling evidence that differentiation in the myeloid lineage is associated
with changes in DNA methylation biased towards demethylation [2,3]. This is compatible with
the observation that postmitotic terminal differentiation from MOs to DCs and MACs is
accompanied by demethylation [5,6]. These analyses were performed by combining methyl-CpG
immunoprecipitation with hybridization on promoter microarrays or by using 450K arrays. These
are robust methods, but are insufficient for full coverage of individual CpG sites. Despite the
predominance of changes in the direction of demethylation, it seems to us that acquisition of
DNA methylation at specific CpG sites could have been underestimated. Our analysis has shown
that certain CpG sites near the TSSs of genes that become repressed undergo acquisition of DNA

methylation. In principle, this is consistent with a repressive role.

Comparison of the dynamics of expression and DNA methylation changes in another
MO-related differentiation model [7] revealed that demethylation and increased mRNA levels
occur concomitantly, suggesting a causal relationship between the loss of DNA methylation and
gene activation. However, analysis of this relationship in genes that become repressed and have
their DNA methylation levels increased led to different conclusions [7]. In fact, gene silencing
occurs before the acquisition of DNA methylation. This also occurs in MO-to-DC differentiation,
where repression of certain genes also precedes their hypermethylation. These findings imply
that the roles of demethylation and acquisition of DNA methylation are somewhat different, at
least in these myeloid-related differentiation processes, and are just not antagonistic
mechanisms. Cells in the myeloid lineage, in particular MOs, express high levels of Tet2 [15,16],
a member of the TET family of methylcytosine dioxygenases, which generates intermediates in
the route towards DNA demethylation. In fact, myeloid cells constitute an excellent system in
which active DNA demethylation appears to play a key role in activating specific genes. In
contrast, the delay in the changes to the acquisition of DNA methylation for those genes that
become repressed suggests a different role. In fact, DNA methylation in these genes might be
passively acquired, and might only play a role in stabilizing gene repression, rather than being a

primary driver of expression changes.
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The final experiment in our study, which tested the functional effects of two DNMT
inhibitors, addressed the functional relevance of the acquisition of DNA methylation by these
genes. Our results provide evidence that DNA methylation changes in genes such as CSF3R and
FYN are not necessary for their repression. CSF3R is the receptor for granulocyte
colonystimulating factor, which is essential for granulocyte development [17], and so its
silencing is required for MAC versus granulocyte commitment. FYN is a Tyr kinase from the Src
family that promotes proliferation and is upregulated in chronic myeloid leukaemia [18]. Its
silencing may reflect the need for cell cycle arrest in MO-to-DC differentiation. Therefore, we
cannot rule out the possibility that DNA methylation stabilizes this expression status once it has
been achieved, at least over the long term. On the other hand, we found that the expression of
DC-specific surface markers is reduced following treatment with these DNMT inhibitors.
Specifically, we observed that DC-SIGN (CD209) expression declined following treatment with
nanaomycin A. DC-SIGN is a well-recognized DC marker that mediates several DC functions,
including antigen uptake, intercellular adhesion, and signalling [19]. Given the decrease in
expression observed for this molecule upon de novo methylation inhibition, our data indicate

that DNA methylation may play a role in the stabilization of the differentiated phenotype of DCs.

Our results introduce a novel concept concerning the role of DNA methylation changes.
Our current view of the role of DNA methylation takes into account that the location of a CpG
site determines the functionality of its methylation (differing according to its location in a CpG
island, shore, open sea, or enhancer, or in the context of a transcription factorbinding site), but
our experiments also indicate that the directionality of the change, i.e. the gain or loss of DNA
methylation at specific genes, can have different roles. Whereas loss of DNA methylation is
associated with the concomitant activation of certain genes, acquisition of DNA methylation by
other genes is not necessarily associated with their immediate silencing, and it seems rather to

have a longer-term effect related to the stabilization of the phenotype.
Experimental procedures

Differentiation of DCs from peripheral blood mononuclear cells (PBMCs)

For this study, we obtained human blood samples (buffy coats) from anonymous donors through
the Catalan Blood and Tissue Bank (Barcelona). The donors were informed about the potential
use of their blood for research, and had any questions arising during the interview answered.
The donors signed a consent form at the Catalan Blood and Tissue Bank before samples were
obtained. This Blood Bank follows the WMA Declaration of Helsinki principles. Blood samples

were carefully deposited on Ficoll-Paque gradients (Amersham, Buckinghamshire, UK), and then
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centrifuged at 800 g (30 min) with minimum deceleration. Following centrifugation, we collected
PBMCs, and washed them twice with ice-cold NaCl/Pi at 600 g for 5 min. We then used positive
selection with MACS magnetic CD14 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) to
isolate pure CD14+ cells from PBMCs. We then resuspended CD14+ cells in RPMI Medium 1640
(1X) + GlutaMAXTM-1 (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum,100 unitsmL1 penicillin, and 100 IgmL1 streptomycin. For DC differentiation,
the medium was supplemented with 500 U of human IL-4 and 800 U of GM-CSF (Gentaur
Molecular Products, Kampenhout, Belgium). For MAC differentiation, the medium was

supplemented with 800 U of GM-CSF (Gentaur Molecular Products).

We seeded the cells at different densities, depending on the cell numbers required for
specific techniques. These numbers were 3 9 105 cells per well (96-well plates), 59 106 cells per
well (six-well plates), and 40 9 106 cells (10-mm plates). We cultured these cells for 4 days, and
changed the media and cytokines every 2 days. To induce maturation on day 4, we

supplemented cells with 5 IgmL1 LPS (Sigma-Aldrich, St Louis, MO, USA) for 24 h.

Bisulfite sequencing and pyrosequencing

We carried out bisulfite modification of genomic DNA isolated from MOs, and derived DCs and
MACs with the protocol described by Herman et al. [20]. We then used 2 IL of the modified DNA
(20-30 ng) as a template for the subsequent analysis. We designed primers for amplification and
sequencing with PYROMARK ASSAY DESIGN 2.0 software (Qiagen, Venlo, Limburg, The
Netherlands). We performed PCR amplifications with the HotStart Tag DNA polymerase PCR kit
(Qiagen), and then tested the quality of the amplified products by agarose gel electrophoresis.
We pyrosequenced the PCR products with the Pyromark Q24 system (Qiagen). The list of all

primer sequences is included in Table S1.

ChIP assays

We crosslinked CD14+ cells at 0, 3, 6, 24 and 96 h after treatment with GM-CSF + IL-4 with 1%
formaldehyde, and performed ChlIP assays after sonication. We used the standard protocol for
ChIP experiments, and the results were analysed with real-time quantitative PCR. For each
specific antibody/sample, we represented data as the ratio of the bound fraction versus the
input. We used the following antibodies: anti-H3K4me3 IgG rabbit monoclonal (ref. 17614;
Millipore, Billerica, MA, USA), anti-H3K36me3 serum (ref. ab9050; Abcam, Cambridge, UK), anti-
H3K9me3 serum (ref. ab8898; Abcam), and anti-H3K27me3 serum (ref. 07-449; Millipore). We

used IgG as a negative control. We designed primer sequences to overlap with regions showing
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hypermethylation at given CpG sites, generally close to the TSS. Primer sequences are shown in

Table S1. Three biological replicates of these experiments were carried out.

BrdU proliferation assays

We used BrdU at a final concentration of 300 IM, and BrdU pulses were applied to each well for
2 days. For flow cytometry assays, we seeded CD14+ cells on six-well plates, and cultured them
in differentiation medium. In this case, we added BrdU to the medium at different times. We
then fixed cells after 2 days with 4% paraformaldehyde (30 min, room temperature),
permeabilized them with NaCl/Pi/BSA/Triton X100 0.8% (10 min, room temperature), and
treated them with 2 M HCI for 30 min. We then neutralized the HCI with two 5min washes with
NaBo (0.1 M, pH 8.5) and two 5-min washes with NaCl/Pi. Cells were incubated with anti-BrdU
mouse 1gG1 (18 h at 4 °C, 1 : 1000 dilution), and anti-mouse Alexa488-conjugated serum was

added to detect the BrdU-positive nuclei.

FACS staining

For FACS analysis, we directly stained CD14+ MOs and DCs with phycoerythrin-conjugated mAbs
against CD14 (Miltenyi), Horizon V450-conjugated mAbs against CD209 (BD), and
allophycocyanin-conjugated mAbs against CD83 (Miltenyi). We incubated 0.3 9 106 cells with
the indicated antibodies for 30 min at 4 °C, and washed them once with ice-cold NaCl/PiBSA

0.1%. We analysed cells with a Gallios Flow Cytometer (Beckman Coulter, Brea, CA,
USA) and FLOWIJO software (Tree Star, Ashland, OR, USA).
Abbreviations
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Figure legends

Figure 1. Identification of DNA methylation changes in candidate genes during MO-to-DC and
MO-to-MAC differentiation. (A) Depiction of the differentiation system. MOs from peripheral
blood were exposed to either G-MSF or GM-CSF + IL-4 to generate iMACs or iDCs, respectively.
Maturation of these two cell types to give mature MACs (mMACs) and mature DCs (mDCs) was
achieved following incubation with LPS. (B) Flow cytometry analysis of cell types to test changes
in surface markers, including CD14, CD209 (specific to DCs), and CD83 (specific to mDCs). MFI,
median fluorescence intensity. (C) Real-time quantitative PCR analysis of selected gene markers
and their levels in MOs, iDCs, mDCs, iMACs and mMACs. (D) BrdU assay showing the percentages
of replicating cells at different times during MO-to-DC and MO-to-MAC differentiation. From day
1today 3, only ~ 10% of cells divided. Ctrl, control. (E) Schematic representation of the six genes
analysed in this study. The analysed CpG sites (vertical black line), the TSS (arrow) and the
location of primers for ChIP (blue), expression (red, real-time quantitative PCR) and methylation
(green, bisulfite pyrosequencing) analysis are indicated. Exons are marked as boxes, but look like
lines (given the length of the genes) in all cases except for CD14, which is shorter. (F) Real-time
guantitative PCR analysis of selected genes that become repressed during differentiation. (G)

Bisulfite pyrosequencing data showing the DNA methylation changes.

Figure 2. Dynamics of DNA methylation, expression and histone modification changes for CSF3R,
FYN and CD14 during MO-to-DC differentiation. (A) Depiction of the structure of CSF3R, FYN and
CD14 including the TSS (arrow), the exons (black boxes). (B) Real-time quantitative PCR analysis
of the genes during MO-to-DC differentiation. Values are relative to RPL38 levels. (C) Bisulfite
pyrosequencing data over time showing the acquisition of DNA methylation changes during

differentiation. (D) Changes in H3K36me3, H3K4me3, H3K9me3 and H3K27me3. Relative
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enrichment is the fraction of the input immunoprecipitated for each antibody. Data for each

antibody are accompanied by IgG as a negative control.

Figure 3. Effects of the DNMT inhibitors 5azadC and nanaomycin A on DNA methylation,
expression and histone modification changes during MO-to-DC differentiation. (A) Effects of two
concentrations of 5azadC (50 and 500 nM) and nanaomycin A (100 and 500 nM) on the
acquisition of DNA methylation changes in CSF3R and FYN over time with respect to untreated
control cells. (B) Effects of 5azadC and nanaomycin A (conditions as above) on the expression
changes for the same genes as above. (C) Effects of 5azadC and nanaomycin A (conditions as
above) on the changes in H3K4me3 (red bars) and H3K27me3 (blue bars). (D) Effects of 5azadC
and nanaomycin A on the levels of the surface markers CD209 (specific to DCs) and CD83
[specific to mature DCs (mDCs)]. The viabilities of cells in the presence of these concentrations
of drugs are also shown. (E) Real-time quantitative PCR analysis of the selected DC surface
markers CD209, CD206 and CD83 during DC differentiation. The effects of two concentrations
of DNMT inhibitors, i.e. nanaomycin A (100 and 500 nM) and 5azadC (50 and 500 nM), are

compared with those on control cells, in the absence of these inhibitors. Ctrl, control.
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Abstract

Background: Monocyte-to-osteoclast conversion is a unique terminal differentiation process
that is exacerbated in rheumatoid arthritis and bone metastasis. The mechanisms implicated in
upregulating osteoclast-specific genes involve transcription factors, epigenetic regulators and
microRNAs (miRNAs). It is less well known how downregulation of osteoclast-inappropriate

genes is achieved.

Results: In this study, analysis of miRNA expression changes in osteoclast differentiation from
human primary monocytes revealed the rapid upregulation of two miRNA clusters, miR-212/132
and miR 99b/let-7e/125a. We demonstrate that they negatively target monocyte-specific and
immunomodulatory genes like TNFAIP3, IGF1R and IL15. Depletion of these miRNAs inhibits
osteoclast differentiation and upregulates their targets. These miRNAs are also upregulated in
other inflammatory monocytic differentiation processes. Most importantly, we demonstrate for
the first time the direct involvement of Nuclear Factor kappa B (NF-kB) in the regulation of these
miRNAs, as well as with their targets, whereby NF-kB p65 binds the promoters of these two
miRNA clusters and NF-kB inhibition or depletion results in impaired upregulation of their

expression.

Conclusions: Our results reveal the direct involvement of NF-kB in shutting down certain
monocyte-specific genes, including some anti-inflammatory activities, through a miRNA-

dependent mechanism for proper osteoclast differentiation.
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Background

The successful generation of differentiated cell types from their progenitors depends on the
highly coordinated regulation of gene expression by transcription factors, epigenetic enzymes,
and small non-coding RNAs, of which microRNAs (miRNAs) are the best studied. These regulate
gene expression through sequence complementarity with their target mRNAs by mediating their
decay or interfering with their translation [1]. miRNAs are known to have a major role in cell
differentiation. However, their specific contribution in terminal differentiation processes

remains poorly understood.

One such process is monocyte (MO)-to-osteoclast (OC) differentiation. OCs are giant,
multinucleated cells that degrade bone [2] and differentiate from monocytic progenitors under
inflammatory conditions. Their deregulation is associated with several diseases, either through
deficient function that results in osteopetrosis [3] or aberrant hyperactivation that gives rise to
generalized bone loss in osteoporosis [4] and rheumatoid arthritis [5]. Moreover, OCs cause
bone complications in multiple myeloma [6] and in cancer metastasis, including prostate and
breast cancers [7]. OCs differentiate from MO/macrophage progenitors [8] after macrophage
colony-stimulating factor (M-CSF) [9] and receptor activator of nuclear factor kappa-B ligand
(RANKL) [10] stimulation. In vitro generation of OCs from peripheral blood MOs allows
differentiation to be studied in this model, since isolation of primary bone OCs can otherwise be
challenging [11]. During osteoclastogenesis, progenitor cells fuse, reorganize their cytoskeleton
[12] and activate the gene expression profile necessary for bone destruction. Several signalling
pathways activate nuclear factor-kappa B (NF-kB), mitogen-activated protein kinase (MAPK)and
c-Jun [13], which coordinately turn on NFATcl [14], the osteoclastogenesis master
transcription factor. NFATc1 acts in conjunction with PU.1 and MITF [15], activating OC-specific
genes such as those encoding tartrate-resistant acid phosphatase (TRAP or ACP5) [16], cathepsin
K (CTSK) [17], dendritic cell-specific transmembrane protein (DC-STAMP or TM7SF4) [18],
matrix metallopeptidase 9 (MMP9) [19] and carbonic anhydrase 2 (CA2). Most importantly,
other genes like CX3CR1, a MO-specific gene, and TNFAIP3, a deubiquitinating protease that
mediates TRAF6 degradation and impairs NF-kB activation [20], need to be silenced during OC
differentiation. It is not well understood how the silencing program is established during MO-
to-OC differentiation. The importance of miRNAs in OC differentiation has been established
through the observation that knock-out models for the miRNA processing machinery impair OC
formation and reduced expression of TRAP and NFATc1 [21]. In addition, silencing of miRNAs,
such as miR-29b [22] and miR-124 [23], is essential for the upregulation of pro-osteoclastic

genes.
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In this study, we investigated the role of miRNAs in establishing and maintaining a
repressive program during OC differentiation. To this end, we performed high- throughput
miRNA expression profiling of human peripheral blood MOs before and 2 and 20 days after
stimulation with RANKL and M-CSF. We identified different dynamics in miRNA expression
changes. Two miRNA clusters, miR-212/132 and miR-99b/let-7e/ 125a, are highly upregulated
during the early stages of osteoclastogenesis. Functional analysis of these miRNAs revealed that
their depletion impairs proper OC differentiation. Interestingly, these miRNAs target MO-
specific and anti-inflammatory genes that are downregulated during differentiation, such as
TNFAIP3, IGF1R, THBS1, ITGA4, IL15 and PTGS2. We investigated the potential involvement of
the NF-kB transcription factor in the upregulation of these miRNAs. We demonstrated the direct
association of p65 NF-kB with the transcription start site (TSS) of these miRNA clusters. Most
importantly, we found that the pharmacological inhibition of the p65 subunit of NF-«kB or its
depletion results in impaired overexpression of these miRNAs and affects the downregulation
of their targets. Our results demonstrate the direct relation- ship between p65 NF-kB and
miRNA-mediated repression of several MO-specific and anti-inflammatory genes that is key for
proper osteoclastogenesis and reveal novel potential pathways for therapeutic intervention in
the treatment of bone complications in diseases such as rheumatoid arthritis and bone

metastases.
Results

The miRNA expression profile changes drastically during osteoclastogenesis

To determine the dynamics of miRNA expression during human osteoclastogenesis, we first
generated three sets of matching samples corresponding to peripheral blood MOs (CD14+
cells), MOs 48 hours after RANKL/M-CSF treatment, and mature OCs obtained from the same
sets of MOs, 21 days after RANKL/M-CSF stimulation. The quality of the OCs was confirmed
microscopically by the presence of three or more nuclei in TRAP-positive cells and the formation
of the actin ring (Figure 1A). At the molecular level, we confirmed the upregulation of
osteoclastic markers (CA2, CTSK, MMP9, ACP5/TRACP and TM7SF4/DCSTAMP) and the silencing
of the MO- specific gene CX3CR1 (Figure 1B). We then performed miRNA expression profiling
during the differentiation of MOs to OCs using the three sets of samples. Statistical analysis of
the combined expression data from three bio- logical replicates showed 115 miRNAs that were
differentially expressed at one or more of the times analysed (Figure 1C; Additional file 1).
miRNAs displayed different expression profiles over time that enabled them to be classified into

eight groups (Figure 1C) according to the combination of upregulation or downregulation at the
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initial or late stages of OC differentiation. Of particular interest were the miRNAs whose
expression increased rapidly in the initial stages (groups |, V and VI; Figure 1C), regardless of
their subsequent changes over time. miRNAs that become upregulated immediately after M-
CSF and RANKL stimulation are potentially more important for the differentiation process than
for the function of fully differentiated OCs. miRNAs within two clusters ranked top in terms of
the coefficient of change and relative expression levels, specifically miR-99b/let-7e/125a (group
I, average fold change = 49.4 between MOs and 48 h post-M-CSF/ RANKL stimulation) and miR-
212/132 (group VI, average fold change = 50.57 between MOs and 48 h post-M-CSF/ RANKL
stimulation) (Figure 1D). Several other activated miRNAs identified in our analysis have already
been de- scribed in human and mouse experiments concerning OC differentiation (Figure 1C)
like miR-124, a negative regulator of NFATc1 expression [23], and miR-155, also upregulated in

bone marrow macrophage-derived OCs [24,25].

We confirmed the overexpression of all the miRNAs within the miR-99b/let-7e/125a and
miR-212/132 clusters using quantitative RT-PCR (qRT-PCR) (Figure 1E). This analysis also
confirmed that individual miRNAs from each of the two clusters do not reach the same
expression levels. For example, miR-99b and miR-125a levels are in- creased by 300-fold and
100-fold respectively, whereas miR-let-7e induction is only increased by 10- to 12-fold. This
strongly suggests that miRNAs in these clusters are regulated not only transcriptionally but also
post- transcriptionally during MO-to-OC differentiation, as it has previously been observed for
other miRNAs in other differentiation programs [26]. To refine the expression dynamics of these
miRNAs during the differentiation process further, we generated a time course of
osteoclastogenesis from three different healthy donors, and checked the miRNA levels at several
times during the entire differentiation process. The two clusters showed different dynamics
when we analysed their expression levels over time. Specifically, after RANKL/M-CSF
stimulation, the miR-99b/let-7e/125a cluster miRNAs underwent rapid overexpression during
the first four days and the levels remained stably high until day 21 (Figure 1F, top). In contrast,
miR-212/132 cluster miRNAs peaked at day 3, displaying an increase of around 50-fold (miR132)
to 170- fold (miR-212), followed by an approximately 5-fold drop (Figure 1F, bottom). This
suggests that the functions of miR-132 and miR-212 are involved in the early events of
osteoclastogenesis, since their expression levels are tightly regulated and constrained to the first

four days of differentiation.

Inhibition of miRNAs within the miR-99b/let-7e/125a and miR-212/132 clusters impairs

osteoclastogenesis
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To investigate the role of the individual miRNAs within the two aforementioned clusters in OC
differentiation, we performed loss of function experiments. We transfected primary MOs with
specific inhibitors or antagomirs for each of the individual miRNAs contained in the miR-99b/let-
7e/125a and miR-212/132 clusters. In these experiments, transfections with miRNA inhibitors
were performed simultaneously with RANKL/M-CSF stimulation. We collected samples at 4 days.
Then we tested the expression of OC markers to assess the impact of depleting these miRNAs
on the differentiation process. Simultaneously, we checked the efficiency of transfection by flow
cytometry of cells transfected with a control antagomir fluorescein-conjugate, recording
efficiencies of 93% and 97.6% depending on the reagent used for transfection (Figure 2A). gRT-
PCR analysis revealed that individual inhibition of each of the miRNAs within the two clusters
results in a delay and decrease in the levels of OC markers like ACP5, CA2, CTSK and MMP9
(Figure 2B) at 4 days after RANKL/M-CSF stimulation. An opposite effect was observed for the
MO-specific gene CX3CR1 with miR-99b and miR-125a (Figure 2B). We also performed double-
transfection experiments with two combinations of miRNA inhibitors, containing two miRNAs
within each cluster. In these experiments with two miRNA inhibitors we observed higher
inhibition of OC markers than in single transfections (Figure 2C), further demonstrating

the functional role of these miRNAs in the proper differentiation of OCs.

We then investigated the effects of depleting these miRNAs on the acquisition of two
essential OC mem- brane proteins, CCR1 [27] and TM7SF4/DCSTAMP [28] (Figure 2D). Flow
cytometry analysis of these two surface markers revealed that the depletion of any of the
individual miRNAs within the two clusters decreases their levels 4 days after RANKL/M-CSF

stimulation.

Finally, we tested whether depletion of these miRNAs impacts the ability of MOs to fuse
and form OCs following RANKL/M-CSF stimulation. To this end, we performed TRAP staining 4
days after RANKL/M-CSF treatment on cells transfected with power inhibitors for each of the
miRNAs, when the first multinucleated OCs start to be apparent. We observed a delay in OC
formation in all cases, proving the relevance of these miRNAs for the differentiation and fusion
in TRAP+ OCs (Figure 2E). These effects were less obvious at longer differentiation times;
however, this is not surprising given the medium/long-term instability of antagomirs transfected
into cells. In summary, all these results indicate that the high levels of the miRNAs from these

two clusters are necessary for proper differentiation of OCs.

Upregulated miRNAs target monocyte-specific and immunomodulatory genes that need to be

silenced during osteoclastogenesis
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Our results demonstrated that the miRNAs within the most strongly activated miRNA clusters
have a functional effect on OC differentiation when inhibited in MOs, as reflected by the
decrease and delay in the up- regulation of OC markers, including OC-specific surface proteins,
as well as in the ability to form multinuclear cells. To identify the targets of these miRNAs, we
retrieved a list of putative targets using miRWalk [29], which contains prediction databases like
TargetScan [30], miRDB [31] and others, as well as information about validated targets. We then
linked the list of potential targets with previously reported high-throughput data on expression
changes during OC differentiation [32], assuming an inverse relationship between the levels of
a given miRNA and the expression levels of its tar- gets. For this analysis, we imposed the criteria
that the targets should be predicted by at least four databases (Figure 3A) and that
downregulation was defined as a minimum 0.5-fold change. Applying these conditions we
identified a number of putative downregulated targets for each overexpressed miRNA
(Additional file 2). We then used the Database for Annotation, Visualization and Integrated
Discovery (DAVID) to identify functional categories. This tool revealed a highly significant
enrichment of categories related to the immune system (Figure 3B), including immune
system development (P-value 1.69 E-11) and cytokine production (P-value 3.04 E-11). We
identified a number of critical factors from among these (Figure 3C). For instance, miR-99b was
found to target the 3' UTRs of IGF1R, miR-125a targeted ETV6, TNFAIP3 and CX3CR1, and let7e
targeted TNFAIP3 and ITGAA4. In the case of the miRNAs in the miR-212/132 cluster, miR-212 was
found to target CX3CR1 and HBEGF, and miR-132 targeted IRF1 and NR4A2. Some of these genes
are also silenced by other mechanisms during OC differentiation. Two ex- amples are the MO-
specific gene CX3CR1 and the anti-inflammatory gene TNFAIP3, which are rapidly silenced after
M-CSF/RANKL stimulation, and their promoters are hypermethylated [33].

To validate the putative targets, we performed luciferase reporter assays using a vector
containing the renilla luciferase coding region plus the wild type or a mutant form (Mut) of the
putative 3' UTR target sites of each potentially targeted gene. We carried out these assays in
Hela cells, in which we had previously estimated the expression of high levels of miRNAs of the
miR-99b/let- 7e/125a and miR-212/132 clusters. These assays confirmed that miR-99b targets
IGF1R, miR-125a targets TNFAIP3, and let-7e targets ITGA4 and THBS1. On the other hand, miR-
132 targets PTGS2, and miR-212 also targets PTGS2 and IL15 (Figure 3D).

To obtain further evidence of the in vivo effect of the miRNAs on their putative targets,
we performed gRT-PCR and western blotting in MOs transfected with each of the miRNA
inhibitors. In the case of the miR-99b/let- 7e/125a cluster, inhibition of miR-99, miR-125a and
let- 7e resulted in the specific upregulation of IGF1R, TNFAIP3 and IGF1R, and of ITGA4 and
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THBS1, respectively. With respect to the miR-212/132 cluster, inhibition of miR-132 and miR-
212 gave rise to the upregulation of PTGS2 and the inhibition of miR-212 resulted in the
upregulation of I1L15 (Figure 3E). We also observed crossover effects between some miRNAs and
targets. For instance, inhibition of miR-99b and miR- 125a also affected PTGS2, which was not
validated in luciferase assays but also contains putative recognition sites atits 3' UTR for miR-
99b and miR-125. We observed increased mRNA and protein levels for some of these targets in
double transfection experiments with antagomirs (Figure 3F). Together with the luciferase as-
says, all these results confirmed the essential role of the miRNAs in the downregulation of these

genes during OC differentiation.

Changes in the miRNA cluster expression levels in related inflammatory-driven monocyte

differentiation processes

We also investigated whether the observed miRNA expression changes occurring in OC
differentiation constitute a more general regulatory mechanism also operating in another two
related differentiation processes involving MOs, specifically MO-to-dendritic cell differentiation
and MO-to- macrophage differentiation. These two processes are triggered following
stimulation with granulocyte-macrophage CSF/IL-4 or granulocyte-macrophage CSF alone
(Figure 4A). Analysis of the expression changes of all miRNAs within the miR-99b/let-7e/125a
and miR-212/132 clusters showed these are common to all three processes (Figure 4B).
Specifically, we observed that all these miRNAs increased more markedly in macrophages than
in dendritic cells, suggesting a bias towards the ability to generate a strong NF-kB-mediated
response, such as TLR4-initiated signals occurring in inflammatory macrophages. Given the
negative relation- ship between these miRNAs and the regulation of their tar- gets, it is feasible
that they have a key role in the extinction of mRNAs that are characteristic of a less inflammatory
prone state. This prompted us to investigate the relationship between the increase in these
miRNAs and the expression levels of their validated targets in MO-to-dendritic cell and MO-to-
macrophage differentiation. We also noted a decrease in the mRNA levels of TNFAIP3, ITGA4,
THBS, IL5, and PTGS2 during the three differentiation pro-cesses (Figure 4C). The only exception
was IGF1R, which appeared to increase over time in OC and dendritic cell differentiation,
consistent with the findings of others [34]. This could perhaps be due to the predominant effect
of other regulatory mechanisms, probably at the transcription level (Figure 4C). In this case,
the upregulation of miR-99b, which targets IGF1R, could be related more to fine-tuning
regulation in order to achieve the proper levels of this protein instead of blocking the

expression of it.
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A direct role for NF-kB in the upregulation of miRNAs?

Our results supported the notion that miRNAs play a role in the efficiency of OC differentiation
and enabled us to identify two upregulated miRNA clusters whose participation in
downregulating genes is key to this process. As explained above, MO-to-OC differentiation is
induced by RANKL, which ultimately stimulates NF- kB, a transcription factor once it has been
translocated into the nucleus. NF-kB acts in concert with PU.1, Jun and the OC-specific
transcription factor NFATcl. NF- kB helps regulate many OC-specific genes. The transcription
factor NF-kB is also likely to participate in shutting down MO-specific genes through the
activation of miRNAs. To explore the potential involvement of NF-kB in the changes in miRNAs
during MO-to-OC differentiation, we first investigated the enrichment of the consensus binding
site for the p65 NF-kB subunit in a window of 500 bp upstream and downstream of the TSS of
the miRNAs (determined from the miRStart database) [35]. This analysis showed that the p65
NF-kB consensus binding site is present in the majority of miRNA TSSs, including the miRNAs
within the miR- 99b/let-7e/125a and miR-212/132 clusters (Figure 5A). We then investigated
the presence of p65 NF-kB around the TSSs of these two miRNA clusters by performing
chromatin immunoprecipitation (ChIP) assays with anti-p65 antibodies in MOs before and 48 h
and 96 h after induction with RANKL/M-CSF. We also used primers near the TSS of CCL5 as a
positive control. We noted specific enrichment of p65 at 48 h and 96 h after RANKL/M-CSF
stimulation in the two upregulated miRNA clusters (Figure 5B), demonstrating a direct
association of NF-kB p65 with the encoding sequence of the upregulated miRNAs. We also found
that p65 bound near the TSSs of other miRNAs, such as miR-34a (Figure 5B), suggesting that this

may be a general mechanism of miRNA upregulation in OC differentiation.

To investigate the involvement of the NF-kB pathway in the activation of these miRNAs
in greater depth, we treated MOs with two NF-kB inhibitors, Bay 11-7082 and sodium
aurothiomalate (SATM), and investigated the effects on the expression of the aforementioned
miRNAs following induction by RANKL/M-CSF. SATM inhibits the activity of IkB kinase by
modifying cysteine residues within its catalytic domain. Bay 11-7082 selectively and irreversibly
inhibits the tumour necrosis factor-a- inducible phosphorylation of I1kBa, resulting in reduced
expression of NF-kB and adhesion molecules. Both inhibitors eventually reduce the levels of
phosphorylated Ser536 of p65, which correspond to its active form. To test the toxicity of these
two inhibitors, we first performed MTT assays over a wide range of concentrations with primary
MOs (not shown), and selected 10 uM for Bay 11-7082 and 100 uM for SATM. Consistent with a
relevant role of the NF-kB pathway in the activation of these miRNAs, we observed that

phosphorylation of p65 increases following RANKL/M-CSF stimulation of MOs (Figure 5C). Under
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our conditions we observed potent inhibition of p65, as reflected by the reduced levels of
phospho-Ser536 p65, especially at 2 days, whereas at 4 days the inhibitory effects of Bay 11-
7082 were significantly reduced, perhaps due to its instability in the culture medium (Figure 5C).
We then investigated the effects of these two inhibitors on miRNA expression. Both inhibitors
decreased expression of upregulated miRNAs (Figure 5D), reinforcing the notion of the direct
role of NF-kB in mediating their upregulation. Consistent with the results obtained with the
western blotting (Figure 5C), the reduction in miRNA upregulation was more obvious only at 2
days, whereas at 4 days the miRNAs of cells treated with Bay 11-7082 had reached the levels of
cells treated with the vehicle. As mentioned above, this is perhaps due to the stability of the
inhibitors in the culture medium, which are added only at the beginning. It could also be due to
the contribution of additional regulatory mechanisms that could be compensating for the
inhibition of the NF-kB pathway. We also checked the effects on both classical OC markers and
miRNA-validated targets. The two inhibitors reduced the levels of OC markers, as determined by
gRT-PCR after 4 days (Figure 5E). Conversely, both SATM and Bay 11-7082 had an overall positive
effect on miRNA targets, providing evidence that NF-kB helps repress these targets through
miRNAs (Figure 5F). We observed different effects in terms of which of the two drugs was more
effective or whether the effect was more evident at 2 or 4 days, but we cannot discard the

occurrence of pleiotropic effects, or interference with other regulatory mechanisms.

Therefore, as an unequivocal test of a potential causal relationship between NF-kB and
miRNA expression changes in MO-to-OC differentiation, we investigated the consequences of
ablating p65 expression in MOs. To this end, we downregulated p65 levels in MOs using transient
transfection experiments with a small interfering RNA (siRNA) that targets exon 11 of p65 (Figure
6A). In parallel, we used a control siRNA. Following transfection we stimulated differentiation
with RANKL/M-CSF. Under these conditions, we used qRT-PCR and western blotting to check the
effects on p65 levels 1, 2 and 4 days after RANKL/M-CSF stimulation of MOs. By this means, we
were able to confirm that the level of p65 downregulation was close to 50% (Figure 6A). siRNA-
mediated downregulation of p65 resulted in decreased binding of the miRNAs to TSSs (Figure
6B). We also examined the expression levels of these miRNAs following p65 depletion and found
that the RANKL/M-CSF-stimulated upregulation of the miRNAs within the miR-99b/let-
7e/125a cluster was partially impaired following p65 depletion (Figure 6C). We also analysed
two miRNAs that are not direct p65 tar- gets and observed no effect on their levels following

p65 depletion (not shown).

We investigated the effects of depleting p65 on the expression of OC markers (ACP5,

CTSK and TM7SF4) as well as on miRNA targets. Whereas depletion of p65 led to a decrease in

131



Results

the upregulation of OC markers (Figure 6D), it resulted in an increase in miRNA targets (Figure

6E), thereby confirming the direct role of p65 in regulating this process.

Taken together, our findings are the first demonstration that NF-kB is directly associated
with and activates miRNAs that are essential for the regulation of critical targets whose

downregulation is essential for proper OC differentiation.
Discussion

Our results provide novel insights into the role and mechanisms of the fine-tuned control of
expression and its relation with inflammatory pathways in MO-to-OC differentiation. Firstly, we
identified a set of miRNAs that are required for OC differentiation. Most importantly, these
miRNAs target and repress OC-inappropriate genes, including several MO- specific and
immunomodulatory genes. Secondly, our results reinforce the key role of the NF-kB
transcription factor as a direct regulator of miRNA upregulation, specifically focusing on the miR-

99b/let-7e/125a and miR-212/132 clusters.

Screening miRNA expression changes at two points during differentiation revealed
different groups of miRNAs based on their expression profiles over time. Overall, our data show
prevalent upregulation of miRNAs in OC differentiation. Twenty-three miRNAs displayed fast
upregulation followed by sustained expression levels, 20 miRNAs had a rapid increase followed
by downregulation over a longer period following induction until day 21, and 26 miRNAs were
upregulated only at later stages. In contrast, there were significantly fewer miRNAs whose
expression levels decreased over time. The predominance of upregulated miRNAs may suggest
that their primary role is to repress or ensure the maintenance of low levels of OC-inappropriate
genes that could also be repressed through other mechanisms. Previous data from our group
have already shown this type of behaviour in B cell-to-macrophage transdifferentiation [36]. Our
analysis of the functional effects of the depletion of the miRNAs within the miR-99b/let-7e/125a
and miR-212/132 clusters, as well the analysis of their targets, shows that these molecules have
a direct role in repressing MO-specific and immunomodulatory genes like TNFAIP3, IGF1R and
IL15. In addition, loss of function experiments using specific inhibitors for the above miRNAs
influences the efficiency of osteoclastogenesis, as determined by analysing expression changes
of standard markers of OC differentiation at the RNA and protein levels, the effects on validated

targets of these miRNAs and the ability of cells to fuse to yield multinucleated OCs.

Our results suggest that fine-tuning modulation through miRNA-mediated repression
drives the monocytic steady state program into an NF-kB-driven proinflammatory

differentiation program. This idea is reinforced by the observation that the upregulation of these
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miRNAs also occurs in related inflammatory-related monocytic differentiation processes,
including MO-to-dendritic cell differentiation and MO-to-macrophage differentiation. MOs are
heterogeneous circulating progenitors that can either patrol the resting endothelium or migrate
into tissues in response to inflammatory signals. Regulation of switching between these
different states requires the ability to respond rapidly to changes that may include silencing of
undesired response pathways, and the commitment to ensure proper outcomes. miRNAs may
contribute to this process as a flexible regulatory mechanism, as it has been described for
miR146a and Relb pathway Ly6Chigh inflammatory MO responses [37]. Our analysis on the
functional effects of depletion of the miRNAs within the miR-99b/let-7e/125a cluster reveals a
possible common pathway of commitment into cells with strong NF-kB- dependent responses,
suggesting the targeting of the anti-inflammatory molecule TNFAIP3 (A20) by these microRNAs,
which are upregulated in the conversion into OCs, dendritic cells and macrophages. In addition,
depletion of the miR-212/132 cluster, as well as the analysis of their targets, shows that these
elements have a direct role in repressing genes like IRF1 or IL15, which could also shape

inflammation.

Ly6Chigh MO conversion to Ly6Clo anti-inflammatory macrophages with a restorative
phenotype in murine hepatic fibrosis requires the upregulation of genes encoding molecules of
the anti-inflammatory macrophage program, like CX3CR1, or with anti-fibrotic effects, like CD74
[38]. Interestingly, both genes are targeted by the miR-212/132 cluster in our MO-based
differentiation models that con- verge on the set-up of inflammatory or NF-kB programs in
different cell types. In addition, an immunosuppressive role has also been assigned to the IGF1R-
IGF1 axis, and cord blood mononuclear cells as well as peripheral blood mononuclear cells
(PBMCs) treated with IGF1 show a de- crease NF-kB binding activity [39]. Our results show that
IGF1R is targeted by miR99b and miR125a also suggesting a coordinated shutdown of signal

transduction that block NF-kB pathways.

The second major conclusion of our study is the role of NF-kB in directly upregulating
the miR-212/132 and miR- 99b/let-7e/125a clusters, and perhaps other miRNAs. Multiple genes
implicated in inflammation, including pro- inflammatory cytokines and their receptors, are
under the transcriptional control of the transcription factor NF-kB [40]. A few reports have
recently proved that NF-kB has a direct role in regulating miRNA expression [41,42]. To the best
of our knowledge, however, this is the first report demonstrating a direct role for NF-kB in
miRNA control in OC differentiation. NF-kB is a major target of RANKL, which is used together
with M-CSF to stimulate differentiation of MOs into OCs. However, only a few direct NF-kB

targets have so far been described. For instance, it has been shown that NF-kB cooperates with
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NFATc2 to induce expression of NFATc1, with NF-kB p50 and p65 being recruited to the NFATc1
promoter within 1 hour of treatment of OCPs with RANKL, resulting in transient auto-
amplification of NFATcl expression, which is crucial for OC formation [14]. To date, the
participation of NF-kB in this context had been restricted to an activator of genes that are
necessary for OC differentiation. Our findings re- veal a novel role for NF-kB in activating miRNAs
that re- press the expression of OC-inappropriate genes that are not required for differentiation.
This perhaps includes not only MO-to-OC differentiation, but also other related MO-related
differentiation processes where NF-kB plays a key role. Several papers have come out showing
regulatory programs of Ly6Chigh inflammatory MOs/macrophages versus Ly6Clo resting cells
[37,38,43]. Nonetheless, unraveling the mechanisms that delineate NF-kB versus other
programs in human MOs has been more difficult and this issue is directly addressed by the

present work.

The results of our study constitute the first clear evidence that NF-kB directly regulates
miRNAs, showing together with our findings on the miRNA targets and the impact on OC
differentiation that this is a novel mechanism of gene repression of OC-inappropriate genes in
this differentiation process. In addition, our conclusions open up possibilities for exploiting novel

pathways for therapeutic intervention.
Conclusions

Our study on miRNA expression changes during MO-to- OC differentiation reveals the
occurrence of rapid upregulation of two miRNA clusters. We have demonstrated that miRNAs
within these two clusters are necessary for MOs to differentiate into OCs. These miRNAs are key
to repressing OC-inappropriate genes, including certain anti- inflammatory genes, and are
needed for proper OC differ- entiation. We demonstrate that these changes and their functional
effects also occur in other MO differentiation processes, indicating that these miRNAs are
needed for the downregulation of OC-inappropriate genes in MOs. Most importantly, we
demonstrate for the first time that NF-kB directly regulates these miRNAs and is thus directly

implicated in the inhibition of the less differentiated monocytic expression program.
Materials and methods

Differentiation of osteoclasts from peripheral blood mononuclear cells

Human blood samples came from anonymous blood donors through the Catalan Blood and
Tissue Bank in Barcelona as thrombocyte concentrates (buffy coats). The anonymous blood

donors received oral and written information about the possibility that their blood would be
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used for research purposes, and any questions that arose were then answered. Before giving
their first blood sample the donors signed a consent form at the Banc de Teixits, which adheres
to the principles set out in the WMA Declaration of Helsinki. The blood was carefully layered on
a Ficoll-Paque gradient (Amersham, Buckinghamshire, UK) and centrifuged at 2,000 rpm for 30
minutes without braking. After centrifugation, PBMCs at the interface between the plasma and
the Ficoll-Paque gradient were collected and washed twice with ice-cold phosphate-buffered
saline, followed by centrifugation at 2,000 rpm for 5 minutes. Pure CD14+ cells were isolated
from PBMCs using positive selection with MACS magnetic CD14 antibody (Miltenyi Biotec,
Bergisch Gladbach, Germany). Cells were then resuspended in a-minimal essential medium (a-
MEM Gluta-MAX Supplement, no nucleosides; Invitrogen, Carlsbad, CA, USA) containing 10%
fetal bovine serum, 100 units/ml penicillin, 100 pug/ml streptomycin and antimycotic, supple-
mented with 25 ng/ml human M-CSF and 50 ng/ml soluble hRANKL (PeproTech EC, London, UK).
Depending on the amount needed, cells were seeded at a density of 3 x 105 cells/well in 96-well
plates, 5 x 106 cells/well in 6-well plates or 40 x 106 cells in 10-mm plates and cultured for 21
days (unless otherwise noted); media and cytokines were chan- ged twice a week. The presence
of OCs was checked by TRAP staining using the Leukocyte Acid Phosphatase Assay Kit (Sigma-
Aldrich, St. Louis, Missouri, USA) ac- cording to the manufacturer s instructions. Phalloidin/DAPI
staining enabled us to confirm that the populations were highly enriched in multinuclear cells,
some of which con- tained more than 40 nuclei. We used several methods to determine that on
day 21 almost 85% of the nuclei detected were osteoclastic nuclei (in polykaryons; nuclei, rather
than cells, were quantified). OCs (TRAP-positive cells with three or more nuclei) were also
analysed at the mRNA level: upregulation of key OC markers (CA2, CTSK, MMP9, ACP5/TRAP and
TM7SF4/DCSTAMP) and down- regulation of the MO marker CX3CR1 were confirmed.

Visualization of osteoclasts with phalloidin and DAPI staining

Pure isolated CD14+ cells were seeded and cultured in glass Lab-Tek Chamber Slides (Thermo
Fisher Scientific, Waltham, MA, USA) for 21 days in the presence of hu- man M-CSF and human
RANKL. OCs were then washed twice with phosphate-buffered saline and fixed (3.7%
paraformaldehyde, 15 minutes). Cells were perme- abilized with 0.1% (V/V) Triton X-100 for 5
minutes and stained for F-actin with 5 U/ml Alexa Fluor® 647- Phalloidin (Invitrogen). Cells were
then mounted in Mowiol-DAPI mounting medium. Cultures were visualized by confocal laser

scanning microscopy (Leica TCP SP2 AOBS confocal microscope).
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Flow cytometry

Cells were stained with fluorochrome-conjugated antibodies against CCR1 (R&D Systems,
reference FAB145A-100) and TM7SF4 (R&D Systems, reference FAB7824-A) (Both anti- bodies
are from R&D Systems, Minneapolis, MN, USA) 0 and 4 days after RANKL/M-CSF stimulation.
CCR1 and TM7SF4 expression were monitored on a Gallios Flow Cytometer (Beckman Coulter,
Pasadena, California, USA) and analysed by FlowJo software (Tree Star, Inc., Ashland, Oregon,
USA). All experiments were performed in triplicate and bar graphs correspond to independent

biological samples.

MicroRNA expression screening and target prediction

Total RNA was extracted with TriPure (Roche,Basel, Switzerland) following the manufacturers
instructions. Ready-to-use miRNA PCR Human Panel | V2.R from Exigon (reference 203608) was
used according to the instruction manual (Exiqon, Vedbeak, Denmark). Total RNA (30 ng) was
used for each RT-PCR reaction. Paired samples of MOs at 0 (MO), 2 (OC 48 h) and 21 (OC) days
after M- CSF and RANKL stimulation were obtained from three fe- male healthy donors (aged
25 to 28 years), and were analysed with a Roche LightCycler® 480 real-time PCR system.
Results were converted to relative values using the interplate calibrators included in the panels
(log2 ratios). Average expression values of MO, OC 48 h and OC were normalized with respect
to the reference gene miR-103. A t-test was then performed and differentially expressed miRNAs
(fold change >2 or <0.5), with a significant P-value (P < 0.05) in at least one of the comparisons,
were selected and represented on a heatmap. The raw expression data are listed in full in
Additional file 1. The array expression data were validated in the samples used (validation set),
and in a larger cohort of samples obtained from independent donors (replication set) using
Exigon microRNA LNA™ PCR primer sets (hsa-miR-99b-5p, reference 204367; hsa-miR-125a-5p,
reference 204339; hsa-miR-132-3p, reference 204129; hsa- miR-212-3p, reference 204170; hsa-
miR-103a-3p, reference 204063).

To predict the potential targets of the deregulated miRNAs, we used the algorithms from
several databases: TargetScan, PicTar, PITA, miRBase, microRNA.org, miRDB/ MirTarget2,
TarBase, miRecords and StarBase/CLIPseq. Only targets predicted by at least four of these

databases were retained for further analysis.

Bioinformatics analysis of expression data

To compare the expression data with the methylation data, we used CD14+ and OC expression

data from the ArrayExpress database [44] (accession EMEXP-2019) from a previous publication
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[32]. Affymetrix GeneChip Human Genome U133 Plus 2.0 expression data were processed using
the limma and affy packages from Bio- conductor. The pre-processing stage was divided into
three main steps: background correction, normalization and reporter summarization. We chose
the expresso function of the affy package for preprocessing. Thus, the robust multi-array
average (RMA) method was used for background correction. Quantile normalization was then
done. We also introduced a specific step for PM (perfect matchprobes) adjustment, using the
PM-only model-based expression index (option pmonly). Finally, for the summarization step, the
median polish method was used. Next, variance filtering by IQR (inter- quartile range) was
carried out, taking 0.50 as the threshold value. After preprocessing, data were analysed using
the empirical Bayes moderated t-test available in the limma statistics package. Expression data

were validated by gRT-PCR.

Transfection of primary human monocytes with miRNA inhibitors and p65 NF-kB siRNA

To perform the miRNA inhibitor experiments, we used unlabeled miRCURY LNA™ microRNA
Power inhibitors to inhibit miR-99b (reference 4101513), miR-let-7e (reference 4103550), miR-
125a (reference 4103094), miR-132 (reference 4103093), miR-212 (reference 4104787) or a
control (Negative Control A, reference 199006) Exiqon, Vedbaek, Denmark. Power inhibitors (5
or 10 nM) were transfected into CD14+ MOs using HappyFect Transfec- tion Reagent (Tecan,
Weymouth, UK) or Lipofectamine®3000 (Life Technologies). Cells were simultaneously
incubated in the presence of RANKL/M-CSF in the conditions previously described. The efficiency
of transfection was quantified by flow cytometry using the 5’ -fluorescein-labeled Negative
Control A. For samples collected at 4 days or after, we added a fresh aliquot of miRNA inhibitors
after 48 h. To silence p65, we used Silencer® Select Pre- Designed siRNA (Life Technologies)
against human RELA (p65), targeting exon 11 (reference s11916) in parallel with a Silencer®
Select negative control in purified CD14+ MOs in the presence of M-CSF, followed by stimulation
with RANKL (and M-CSF) 24 h after siRNA transfection. We used Lipofectamine RNAiMAX
Transfection Reagent (Invitrogen) for efficient siRNA transfection. mRNA and protein levels were
examined by gqRT-PCR and western blotting 1, 2, and 4 days after siRNA transfection. These

experiments were performed with at least three biological replicates.

Luciferase assays

The putative miRNA binding sites in the 3' UTRs of IGF1R, TNFAIP3, ITGA4, THBS1, IL15, and
PTGS2 were amplified by PCR from genomic DNA derived from CD14+ cells. The PCR products
were cloned into pGEM®-T Easy Vector (Promega, Madison, Wisconsin, USA) and four to seven

point mutations were introduced into each target site by site-directed mutagenesis. Each of the
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fragments containing the 3' UTR of putative miRNA binding sites was cloned into psiCHECK-2
vector (Promega). 293 T cells were cultured for 24 h and then co-transfected using lipofectamine
RNAimax with 10 ng of psiCHECK-2 vector containing wild-type or mutant 3" UTR plus 50 nM of
miRNA power inhibitors per well. The luciferase analysis was performed 48 h later using the
Dual- Luciferase Reporter Assay (Promega). Primers to clone the 3' UTR of putative miRNA

binding sites are listed in Additional file 3.

Chromatin immunoprecipitation assays

For ChIP assays, CD14+ cells 0, 2 and 4 days after treatment with M-CSF and RANKL were
crosslinked with 1% formaldehyde and subjected to immunoprecipitation after sonication. ChIP
experiments were performed as de- scribed elsewhere [33]. Analysis involved real-time gPCR.
Data are represented as the ratio of bound fraction to in- put for each specific factor. We used
a mouse monoclonal antibody against the carboxyl terminus of human NF-kB p65 (sc-372, Santa

Cruz Biotechnology, Dallas, Texas,

USA). Primer sequences are shown in Additional file 3. Experiments included three biological

replicates.

Quantitative RT-PCR and western blotting

RNA was isolated by TRIzol extraction (Invitrogen) and reverse-transcribed using SuperScriptTM
Il Reverse Transcriptase (Invitrogen). Primers for conventional and gqRT- PCR were designed
using Primer3 v.0.4.0 (Table S1 in Additional file 1). qRT-PCR was performed in triplicate using
LightCycler 480 SYBR Green Mix (Roche). PCR reactions were run and analysed using the
LightCycler 480 Il System (Roche). Expression values were normalized against the expression of

the endogenous gene controls RPL38, HPRT1 and GAPDH. Primers are listed in Additional file 3.

For western blots, protein lysates were generated and western blotting performed using
standard procedures using antibodies against phospho-Ser536 p65 (Cell Sig- naling, 3033
Danvers, Massachusetts, USA), p65 (Santa Cruz Biotechnologies, sc-372), IGF1R (Abcam,
ab32823, Cambridge, UK), PTGS2 (Abcam, ab15191), TNFAIP3 (Abcam, ab92324), IL15 (Abcam,
ab7213), ITGA4 (Abcam, ab81280), THBS1 (Thermo Scientific, MA5-13398), a- tubulin (Sigma,
1142) and total histone 3 (Abcam, ab1791).
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Graphs and heatmaps

All graphs were created using Prism5 Graphpad (Graph- Pad Software, San Diego, California,
USA). Heatmaps were generated from expression or methylation data using the Genesis

program (Graz University of Technology).
Data access

Raw data for microRNA expression profiling as obtained following qRT-PCR amplification of
Ready-to-use micro- RNA PCR Human Panel | V2.R from Exiqon (reference 203608) is available
in Additional file 1. It is also available in NCBI s Gene Expression Omnibus through GEO Series

accession number GSE63773.
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Figure legends

Figure 1 MicroRNA expression profiling during monocyte-to-osteoclast differentiation. (A)
Validation of the presence of OCs by TRAP and phalloidin staining, showing the presence of
TRAP activity/multiple nuclei and the actin ring, respectively. (B) Molecular characterization of
OC differentiation. Several OC markers are upregulated (CA2, CTSK, MMP9, ACP5/TRAP, and
TM7SF4/DCSTAMP), and the MO marker CX3CR1 is silenced. Data for MOs, MOs 48 h after M-
CSF and RANKL treatment and OCs at 21 days are presented. RPL38 gene expression levels were
used for normalization. Error bars correspond to the standard deviation of three individual
measurements. (C) Heatmap showing expression array data from the miRNA expression
screening. miRNAs were subdivided into eight groups (I to VIII) according to their expression
profile (diagram); the number of miRNAs in each group is indicated inside the expression
dynamics diagram. Scale shown at the bottom, whereby normalized expression units ranges
from -1 (blue) to +1 (red). (D)Representation of the genomic distribution of miR-99b/125a/let7e
and miR-132/212 clusters, including the TSS (indicated with an arrow). (E) Validation of array
data by quantitative PCR in independent biological replicates. Analysis in MOs, MOs incubated
48 h with RANKL/M-CSF and fully differentiated OCs. Data normalized with respect to miR-103.
(F) Expression dynamics of the indicated miRNAs during OC differentiation, also normalized with

respect to miR-103.

Figure 2 Influence of miRNAs in modulating monocyte-to-osteoclast differentiation. (A)
Quantification by flow cytometry of the transfection efficiency using a fluorescent control power
inhibitor or antagomir. (B) Functional effect of miRNA inhibition using power inhibitors (or
antagomirs) for the individual miRNAs in the miR-99b/125a/let7e and miR-132/212 clusters on
CA2, CTSK, MMP9, ACP5 and CX3CR1 expression levels 4 days after M-CSF/RANL stimulation.
Quantification was done using gRT-PCR with specific primers for each gene and using the RPL38
gene for normalization. (C) Functional effect of miRNA inhibition using double transfections with
power inhibitors for two miRNAs within the miR-99b/125a/let7e and miR-132/ 212 clusters.
Quantification was carried out using gRT-PCR with specific primers for each gene and using the
RPL38 gene for normalization. (D) Effect of miRNA inhibition on the levels of surface markers

CCR1 and TM7SF4. A bar diagram summarizing the results of the individual inhibition of each

miRNA of the two clusters is presented. Also, a plot of the fluorescence-activated cell sorting
(FACS) analysis is presented. (E) Effect of miRNA inhibition on the ability of cells to differentiate
in OCs. Cells were arrested at 4 days after inducing differentiation. OCs were stained with TRAP.
Cells with three or more nuclei were counted as OCs. In the images, multinuclear OCs are

indicated with a red arrow. On the right, a bar diagram showing the percentage of OCs under
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each condition (center) and a bar diagram showing the number of cells with two, three or four
or more nuclei under each condition (right). Error bars correspond to the standard deviation of

three independent measurements; *corresponds to P-value <0.05; **means P-value <0.01.

Figure 3 Analysis of miRNA targets. (A) Venn diagram summarizing the rationale for selecting
putative miRNA targets by combining the lists generated with prediction algorithms with those
generated from expression datasets (1,858 genes with a fold change <0.5). (B) Gene Ontology
(GO) enrichment analysis of putative miRNA targets from the previous analysis. (C) Summary of
putative targets and their corresponding miRNA matches among the miR-99b/125a/let7e and
miR-132/212 clusters. (D) Luciferase assays of Hela cells cotransfected with different luciferase
reporter psiCheck2 constructs containing the 3' UTR of putative targeted transcription factors
(wild type (WT) or mutant (Mut) forms). (E) Effects on validated targets of the single transfection
with miRNA power inhibitors in MOs 4 days after being stimulated with RANKL/M-CSF, as
assessed by gRT-PCR and western blotting. Expression data are relative to the levels obtained
for the samples transfected with control power inhibitor or antagomir (a-miR) and are
normalized to the RPL38 gene. Protein data have been normalized against a-tubulin, using the
sample transfected with the control power inhibitor as a reference. At the bottom,
guantification of the levels of protein relative to the control for each antagomir. (F) Effects on
validated targets of the double transfection with miRNA power inhibitors in MOs 4 days after
being stimulated with RANKL/M-CSF, as assessed by gRT-PCR and western blotting. Data
analyzed as above. Error bars correspond to standard deviation of three independent

experiments; *corresponds to P-value <0.05; **means P-value <0.01; ***means P-value < 0.001.

Figure 4 Comparison of changes in the expression levels of the miRNAs within the miR-
99b/125a/let7e and miR-132/212 clusters during osteoclast differentiation, and changes
during monocyte-to-macrophage and monocyte-to-dendritic cell differentiation. (A) Diagram
depicting the three differentiation models used in this experiment. GM-CSF, granulocyte-
macrophage colony-stimulating factor. (B) Relative expression levels of the miRNAs in matching
samples of MOs (grey), immature dendritic cells (iDC, red), macrophages (green,) and
monocytes stimulated with RANKL/M-CSF after 1, 2 and 4 days (immature OCs (iOC) (blue)). gRT-
PCR data were normalized with respect to miR-103. (C) Relative expression levels of miRNA
targets in the same set of samples. gRT-PCR data were normalized with respect to the RPL38

gene. Error bars correspond to standard deviation of three independent measurements.

Figure 5 NF-kB dependence of miRNA expression changes. (A) Analysis of the presence of NF-kB

subunit binding motifs (from TRANSFAC database) in a 1,000-bp window centered around the
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estimated TSS of the miRNAs. (B) ChIP assays for selected miRNAs showing the binding of NF-kB
p65 near the TSS 2 and 4 days after RANKL/M-CSF stimulation of MOs. Each graph contains the
relative enrichment of samples immunoprecipitated with the anti-p65 antibody and an IgG as a
control. MO samples were tested at 0, 2 and 4 days after M-CSF/RANKL stimulation. On top of
each graph the sequence analyzed is indicated. p65 putative binding sites are indicated with a
blue dot. Primers used for amplification are indicated with arrows around p65 binding sites. (C)
Effects of the two NF-kB inhibitors (10 uM BAY 11-7082 (BAY11) and 100 uM sodium
aurothiomalate (SATM) on the phosphorylation levels of p65 as determined by western blotting.
p65 and H3 total levels are used as controls. (D) Effects of two NF-kB inhibitors (BAY11 and
SATM) on the levels of miRNAs within the miR-99b/125a/let7e and miR-132/212 clusters
measured by a time-course analysis of MOs stimulated with RANKL/M-CSF. (E) Effects of
treatment with BAY11 and SATM on markers of OC differentiation (ACP5, CTSK, TM7SF4, MMP9)
as estimated by gRT-PCR. Data relative to DMSO-treated samples and normalized with RPL38
expression levels. (F) Effects of treatment with BAY 11 and SATM on miRNA targets (IGF1R,
TNFAIP3, ITGA4, THBS, IL15 and PTGS2) as estimated by gqRT-PCR. Data are relative to DMSO-
treated samples and are normalized with respect to RPL38 expression levels. Error bars
correspond to the standard deviation of three independent measurements; *corresponds to P-

value <0.05; **means P-value <0.01

Figure 6 NF-kB p65 has a direct role in changes in miRNA expression levels. (A) Diagram depicting
the region of the p65 gene in exon 11 targeted by the siRNA used in this study. Effects of siRNA
experiments on p65 levels in MOs stimulated with RANKL/M-CSF after 1, 2, and 4 days, as
analyzed by western blotting (bottom and central panels, normalized with respect to histone H3
levels) and gRT-PCR (left panel, relative to RPL38 expression levels). (B) Effect of p65 depletion
on its recruitment near the TSS of the coding sequence of the miRNAs, as demonstrated by ChIP
assays. The scheme on top of each graph depicts the region analyzed, indicating the p65 binding
site (dot) and the primers used (arrows around the p65 binding site). (C) Effects of p65 siRNA
experiments on miR-99b, miR-125a and miR-let7e after 1, 2, and 4 days. Data relative to miR-
103 levels. (D) Effects of p65 downregulation on expression of genes upregulated during
osteoclastogenesis (CTSK, MMP9, ACP5, TM7SF4).(E) Effects of p65 downregulation on the
levels of the miRNA targets TNFAIP3 and IGF1R. Expression data compared with MO samples
treated with control siRNA and values relative to RPL38 expression levels. Error bars correspond
to the standard deviation of three independent measurements; *corresponds to P-value <0.05;

**means P-value <0.01.
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Figure 2
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Global results and discussion

4 GLOBAL RESULTS AND DISCUSSION

In the present doctoral thesis, we have explored the participation and role of epigenetic and
non-coding RNA-related mechanisms associated with several differentiation processes that are
relevant during inflammation: MO differentiation and maturation to DCs and MACs, and MO

activation.

4.1 Global Results

DNA hypomethylation in MO-to-DC and MO-to-MAC differentiation and maturation (ARTICLE 1)

To unravel the DNA methylation changes associated with MO-to-MAC differentiation (GM-CSF-
mediated), MO-DC differentiation (GM-CSF + IL-4-mediated) and their correspondent mature
phenotype (LPS addition), three sets of matching samples from independent healthy donors

were generated and hybridised on a 450k microarray from Illumina.

Statistical analysis of the data illustrates that changes occur mainly during the
differentiation process, with few changes happening upon TLR4 engagement by LPS. Moreover,
we observed that demethylation is considerably more prevalent than gains in DNA methylation.
Most interestingly, although the majority of DNA methylation changes are common for both
processes (MAC and DC differentiation), a significant portion of differentially methylated sites

are specific for each cell type.

Next, in order to detect the implication of TET2 as the main agent responsible for active
demethylation, we silenced it by using specific siRNAs. We observed that TET2 downregulation
not only impairs changes in DNA methylation but also in cell identity establishment, as shown

by the reduction in the expression of the specific surface markers.

To explore the consequences of DNA methylation during both differentiation processes,
we generated global expression profiles from the same samples used for DNA methylation
screening. In contrast to variations in DNA methylation patterns which were monodirectional
(only demethylation), expression changes occur in both directions (up- and downregulation) and

before and after the addition of the LPS.

Once the expression profiles were analysed, we compared the relationship between
demethylation and expression changes. A negative correlation was observed between both data
sets and this correlation is stronger if the analysis is done in CpGs, located in the TSS200 and the

first exon. Most importantly, some of the genes that lost DNA methylation during differentiation
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were significantly overexpressed only after the addition of the LPS stimulus. This was the case
of two specific MAC genes: IL1B and CCL20, both with a crucial role in the inflammation
response. This suggests that DNA demethylation could be playing a role as a mechanism to

prepare the chromatin of specific genes to quickly respond against again an external insult.

IL-4 is the differential external factor between MAC and DC differentiation under our
conditions, as it is only crucial for acquiring a DC phenotype, with its absence determining MAC
cell identity. As a consequence, it seems plausible that IL-4 signalling through IL-4R triggers or at
least contributes to methylation changes for specific DC genes. In order to confirm this
hypothesis, we used the specific inhibitor to block JAK3 Tyr kinase activation, which is directly
downstream to IL-4R. We then used 450k microarrays from lllumina to detect the genomic effect
of this inhibitor at the DNA methylation level. We observed that inhibition of JAK3 impairs DNA
demethylation changes of DC-specific genes and induces small but significant DNA
demethylation in MAC genes for samples incubated under the conditions for DC differentiation.
By contrast, no effect was observed for genes that are demethylated under the conditions for
both MAC and DC differentiation, as their demethylation was independent of STAT6 presence.
When checking the expression changes in some selected genes, the opposite effect was

observed, demonstrating once again the negative correlation between them.

Specific siRNAs against JAK3 and STAT6 were used in order to further dissect the effects
that this pathway has on DNA demethylation. As expected, siRNAs against JAK3 partially
inhibited the loss of DNA methylation and the same results were observed in STAT6 siRNA
experiments. These experiments proved that the JAK3-STAT6 axis is activated only during DC
differentiation and furthermore, it is responsible for DNA methylation loss in specific DC genes,

as well as the repressor for MAC gene hypomethylation.

TRANSFAC analysis confirmed the existence of binding motifs for STAT6 near CpG sites
that become demethylated in specifically in DC differentiation. To test if STAT6 directly binds DC
specific genes we performed ChIP experiments, using primers near the CpG site that becomes
demethylated and containing a putative STAT binding site. ChIP assays revealed that STAT6 binds
to DC specific genes only in DC cells but notin MO, MAC or STAT6 inhibited cells, demonstrating
the direct regulation of those genes by the TF STAT6.

In order to demonstrate that STAT6 was able to induce changes in DNA methylation on
their own, a constitutive active STAT6 mutant was constructed. Simultaneously, we infected
MOs with pCDH-MIG lentiviral vectors carrying STAT6VT and, in parallel, with an empty GFP-

expressing MIG vector as a negative control. Following MO infection with STAT6VT, MOs were
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differentiated with GM-CSF only (i.e. MAC differentiation conditions) for 9 days and their
infection was detected by GFP expression. We then performed BS sequencing of those cells

infected with STAT6VT and empty vector and analysed methylation content of specific genes.

We observed that DC specific genes decrease their methylation status when cells were
infected with STAT6VT, indicating a crucial role of activated STAT6 in the induction of DNA
demethylation changes for DC-specific genes. Furthermore, an impairment of DNA methylation
loss for MAC specific genes was observed, revealing a role of STAT6 in preventing DNA
demethylation of those genes that should not be activated during DC differentiation. As
expected, no change was detected for common genes, demonstrating a mechanism for DNA

methylation independent of STAT6 in this case.

Taken together, all these results show a crucial role of the JAK3-STAT6 axis in directing
a specific loss of DNA methylation and their correspondent expression changes during DC

differentiation, together with the inhibition of MAC-specific genes demethylation.

DNA demethylation of Inflammasome-associated Genes (ARTICLE 2)

Global changes of DNA methylation analysed by 450K hybridisation of MO-to-MAC
differentiation experiments described in the above section, revealed that a set of genesinvolved
in the inflammasome activation are demethylated during this process. Moreover, we observed
that these genes become upregulated in this process, suggesting a potential regulation of the

expression of inflammasome components by DNA methylation.

The analysis of the process dynamics revealed that in all cases, the loss of DNA
methylation anticipates the increase in mRNA levels of all these inflammasome-related genes.
Loss of DNA methylation was fast (before 72 hours) suggesting an active mechanism of DNA

methylation mediated by TET2.

To test active DNA methylation relevance in the inflammasome activity, TET2 was
inhibited during MO-to-MAC differentiation using specific siRNAs against TET2, which resulted
in impairment of DNA demethylation. We also explored the consequences that TET2 ablation
had in changes of 5hmC, one of the oxidized forms in the demethylation process, by using the
oxBS method. As expected, the conversion to 5hmC induced during MO-to-MAC differentiation

is impaired in the presence of the siRNA against TET2.

To examine the relevance of DNA methylation in the induction of the expression for
genes of the inflammasome, we plated MOs for a period between 3 hours and 24 hours in the

presence of LPS and IL-1B, which are able to activate MO by their binding to TLR4 and IL-1R
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respectively. We also combined LPS with MSU crystals and ATP, both involved in NLRP3
inflammasome induction. We observed a loss of DNA methylation in the inflammasome genes,
although only for some of them (/L1B, IL1IRN, IL1A, CASP1) the expression is induced before 24
hours. In those genes overexpressed during MO activation, gene expression anticipates changes

in DNA methylation, indicating a different role of DNA methylation in both biological processes.

As NF-kB is one of the main common pathways induced by IL-13, LPS and GM-CSF we
used an inhibitor of the NF-kB during MO activation and differentiation to analyse the
contribution to methylation variations. We detected that NF-kB inhibition is associated with an
impairment of DNA methylation and gene expression of the inflammasome-related genes,
indicating a relationship between NF-kB and activation of the inflammasome by the regulation
of DNA methylation. Moreover, ChIP experiments revealed that p65 subunit from NF-kB
complex directly binds to IL1B, IL1IRN, IL1A, CASP-1 promoter region.

CAPS and FMF are two archetypical monogenic autoinflammatory syndromes
characterized by the activation of the inflammasome without the presence of an external insult.
In order to study the relevance of DNA methylation changes in this context, MOs from patients

with CAPS and FMFs were activated and/or differentiated to MACs.

MOs stimulated 24 hours with IL-1p present a small but significant increase of DNA
demethylation for genes related to inflammasome in CAPS patients versus healthy controls.
Increased demethylation seemed to also occur for FMF samples, although differences were not
statistically significant for the selected threshold. The same tendency was observed when MAC
differentiation was induced in MO from those patients, but in this case were not significant for

the selected threshold.

These results highlight the importance of DNA methylation-mediated upregulation of

inflammasome-associated genes in the development of CAPS and FMFs.

DNA hypermethylation in MO-to-DC and MO-to-MAC differentiation (ARTICLE 3)

Despite of the fact that MO-to-DC and MO-to MAC differentiation is primarily associated with a
widespread loss of methylation, some of the genes silenced during those differentiation
processes undergo gains of DNA methylation. Among others, this set of genes includes CX3CR1
(a chemokine receptor required for MO homeostasis), CSF3R (a receptor for the cytokine CSF3
involved in granulocyte differentiation), and FYN (a member of the src-family Tyr kinases
involved in myeloid differentiation).

After DNA methylation analysis by BS pyrosequencing, we also tested changes in gene

expression for those genes, using quantitative RT-PCR in three independent samples. In all cases,
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differentiation correlated with a decrease in gene expression, indicating a possible regulation of
gene expression by DNA methylation.

To determine in further detail the role of DNA methylation in gene expression of specific
genes during DC differentiation, we performed time-course experiments of those genes. We
observed that the loss of gene expression occurs at short intervals while the gain of methylation
is progressively increased over time. These results point out that for those genes, in the
promoter region, DNA hypermethylation is not the direct cause of gene downregulation.

To find out other possible epigenetic causes involved in the gain of DNA methylation,
we examined active and repressive histone modification marks dynamics during DC
differentiation by using the ChIP technique near the TSS region. We detected that repressive
histone modification marks are concomitant with gains of DNA methylation. Nevertheless, loss
of the active histone modifications precedes the very process of gene expression. This therefore
indicates the relevance of these histone modification marks in the induction of gene expression.

In order to study the relevance of DNMT3B during the process, we inhibited it by using
two inhibitors. A significant reduction in the level of DNA methylation in CSF3R and FYN was
achieved when the inhibitors were present in the media. However, no change in gene expression
was observed, once again indicating the independence of methylation in gene expression
induction under these conditions. Active histone modifications were also independent of the
inhibitors, whereas repressive marks were slightly reduced by the presence of the inhibitors.

To study whether inhibition of DNMTs influenced the acquisition of the DC phenotype,
we analysed surface markers. Surprisingly, a dose-dependent effect on the specific DC marker
CD209 (DC-SIGN) was observed when using the DNMT3B inhibitor. To confirm these results and
examine other DC markers, a quantitative PCR was realised. Surface genes suffer a sharp
reduction in gene expression over time, which suggests a mechanism whereby DNA methylation
is able to produce changes in DC phenotypes, perhaps by altering the stability of gene

expression.

MIiRNA changes in MO differentiation models (ARTICLE 4)

A first screening of miRNA expression in MO to OC differentiation revealed that the miR-99b/let-
7e/125a and miR-212/132 clusters were upregulated during this process. In order to determine
whether the induction of these miRNAs plays a role in repressing critical functions of
undifferentiated MOs, that are necessary also in other MO-derived differentiation models, we
analysed the expression of these clusters in two other models by using gRT-PCR: MO-to-DC and

MO-to-MAC, and compared it to MO-to-OC differentiation. We determined significant
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upregulation of both miRNA clusters in the three MO differentiation models studied, suggesting
that the repression mediated by these miRNAs is a common mechanism in all these models.

To identify the targets of these miRNAs, we use bioinformatics prediction tools and
crossed the predicted data with gene expression public data available during osteoclastogenesis
differentiation, assuming an inverse correlation between gene and miRNA expression. The
putative identified targets were all genes expressed in other different lineages, a fact that
indicates the role of miRNAs as a mechanism to restrict the expression of genes not needed for

proper cell function.

To validate the expression data, we performed gRT-PCR of samples from MO-to-DC,
MO-to-MAC and MO-to-OC differentiation experiments. A common decrease in the RNA levels
of the putative identified targets during the three differentiation processes occurred, indicating

the robustness of the mechanisms between all three cell type differentiations.

Luciferase reporter assays were also done to validate the interaction between miRNA
and their target. These assays confirmed how the different miRNA from miR-99b/let-7e/125a
and miR-212/132 clusters were able to target the putative identified targets previously

identified.

Due to the relevance of NF-kB pathway in all MO differentiation models, we explored
the potential participation of this pathway in the regulation of the expression of the two miRNA
clusters. To this end, we first inspected the presence of consensus binding sites for NF-kB p65
subunit in the promoter region of the miRNAs using bioinformatics tools. This analysis showed
that p65 consensus binding site is present in the majority of miRNA TSSs, including the miRNAs
within the miR-99b/let-7e/125a and miR-212/132 clusters.

To validate the data, we performed ChIP assays with anti-p65 antibodies during MO
differentiation to OC, demonstrating a direct association of NF-kB p65 with the DNA sequence
of the upregulated miRNAs. We also detected that p65 inhibition using pharmacological
inhibitors and specific siRNAs has a negative effect in the expression of the miRNA and a positive
effect on their targets, providing evidence that NF-kB helps repress these targets through

miRNAs.
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4.2 Global discussion.

In the present thesis, we have investigated the importance of DNA methylation as a regulatory
mechanism underlying terminal myeloid differentiation processes. During MO-to-DC and MO-
to-MAC differentiation, we observed vast demethylation in thousands of genes, whilst only very
few of them underwent gains of methylation.

Due to the large number of genes that become demethylated during MO-to-DC and MO-
to-MAC differentiation, and the relevance of those genes in DC and MAC biology, these MO-
associated differentiation processes are evidenced as excellent models to study the mechanisms
of DNA demethylation in detail (ARTICLE 1). The comparison of the DNA methylation and
expression data revealed a complex relationship between these two, however, we detected that
the majority of demethylated genes are overexpressed, and the dynamics of the process
revealed that demethylation precedes gene upregulation. Loss of DNA methylation occurs
rapidly and in the absence of cell proliferation, suggesting that an active mechanism is occurring.
This was confirmed by the presence of oxidized 5 mC and also by the impairment of
demethylation when TET2 was inhibited, as we and others have demonstrated 2'°. TET2
inhibition experiments also highlight the importance of active DNA demethylation in proper
differentiation, as the acquisition of DC identity was not properly achieved upon TET2
downregulation. These results coincide with the relevant role of demethylation during myeloid

differentiation!361°8

, and offer clues related to its role in the proper establishment of the
different myeloid cell types.

Apart from those genes where DNA demethylation precedes gene expression in the
differentiation process, our study shows a set of genes that, despite being demethylated during
the differentiation step, are only overexpressed after LPS-mediated activation. It seems that for
those genes, the modification status of the chromatin (particularly DNA methylation) is prepared
for the rapid response that cells need once TLR4-mediated activation takes place in order to
prompt innate responses against invading pathogens. In this line, it has been described in other
cells from the immune system how genome is poised to respond rapidly and efficiently to a
stimulus or set of stimuli. For example, Casellas group described how polymerase Il was loaded
into the genome prior to their activation during the process of B cell activation. 22° Our results
emphasize that the mechanism of poising DNA prior to the stimulus is a global way of acting
during inflammation.

Most interestingly, our study reveals that there are sets of genes whose DNA

methylation status strictly changes in one of the differentiation processes (DC or MAC

differentiation) and not the other, thus suggesting a possible role of DNA methylation in the
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acquisition of the specific identity of these related cell types. Since IL-4 is the differential factor
between in vitro human MO-to-DC and MO-to-MAC differentiation, elements downstream to IL-
4R should be directing differential methylation patterns between both processes. In our study,
we have demonstrated that inhibition of the JAK3-STAT6 axis (located downstream to IL-4R) is
able to impair DC methylation and expression in DC specific genes, and have the opposite effect
on MAC specific genes (and no effect on common genes). The overexpression of a constitutively
activated STAT6 mutant (STAT6VT) during MO differentiation in the presence of GM-CSF only
(which would lead to differentiation to MACs) reinforces this hypothesis: DNA demethylation of
DC-specific genes was observed during the differentiation under those conditions and the
absence of demethylation of specific MAC genes also occurred, with STAT6VT being able to
bypass the absence of IL-4R stimulation. Overall, these results reflect how the STAT6-JAK3 axis
was responsible of mediating the differential demethylation between DC and MAC. Moreover,
these results also suggest that DC identity during MO differentiation not only depends on the
demethylation of DC-specific genes (allowing them to be expressed), but also on preventing the
expression of MAC-specific genes by impeding them to become demethylated during the
process. GM-CSF cell signalling results in large changes to the genomic methylation, whereas the
cytokine IL-4 leads to a more limited number of DNA methylation changes by switching on those
related with DC function and switching off those genes that define MAC function and are
activated by the general activity of GM-CSF. Our results are in line with a recently proposed
model of the asymmetric participation of different STATs in response to combinations of
cytokines. This study strongly suggests that in response to two cytokine signals, one STAT may
provide a wider transcriptional program that is restricted to gain specificity by the superimposed
action of another STAT 221, In our ongoing work, we extend this notion to epigenetic regulation,
in particular DNA methylation.

With respect to the mechanisms that STAT6 employs to direct the demethylation of DC-
specific genes, we have determined a direct interaction of STAT6 to these genes. Given the
participation of TET2 in active demethylation, we speculated whether STAT6 directly interacts
and recruits TET2. However, we have been unable to prove such interaction in this context. It is
also possible that PU.1 mediates the recruitment of TET2, given that the direct interaction
between PU.1 and STAT6 has been already published 2%, in addition to the implication of PU.1
in active demethylation via their direct interaction with TET2 %4, In line with this, we observed
that PU.1 silencing results in the impairment of gene methylation in both specific and common
genes, which suggests a more general role of PU.1 in DNA demethylation for both processes.
PU.1 might act like an adaptor for DNA demethylation. It is possible that PU.1 leads to more

specific DNA methylation changes by forming complexes with other sequence specific TFs like
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STATS. It is also possible that STAT6 interacts with other epigenetic enzymes that be involved in
the recruitment of TET2 to those specific demethylated DC genes. In this sense, an interaction

between STAT6 and CBP/p300 in the context of IL-4 stimulation has been published 2.

Experiments demonstrating the interaction of STAT6 with other factors during MO-to-
DC differentiation will be key to better understand the molecular mechanisms behind STAT6-
dependent gene demethylation and their consequent gene overexpression. To date, none of the
published studies demonstrating an interaction between STAT6 and other factors have been
performed in primary human MO, possibly due to the high amounts of the protein required to
detect the interaction or by the low quality of the existing STAT6 antibodies. In our experiments,
we have not been able to demonstrate the interaction between STAT6 and TET2/PU.1 under
MO to DC differentiation in primary cells. Ongoing experiments in this respect include the
overexpression of STAT6VT coupled with an HA tag during MO-to-DC differentiation, that will
allow us to perform the immunoprecipitations by using an anti-HA antibody and using higher
amounts of STAT6 protein. These experiments are challenging due to the big size of the protein

and the low efficiency to infect primary MOs.

Given that STAT6 appears to prevent demethylation of MAC-specific genes under the
conditions of DC differentiation, another intriguing question is their underlying mechanisms.
Perhaps STAT6 is able to directly block upregulation of gene expression of MAC-specific genes
through direct interference of the demethylation machinery. In this direction, we have been
able to prove STAT6 binding to genes that are specifically demethylated in MACs during MO-to-
DC differentiation with the ChIP experiments (not shown in the corresponding article).
Consequently, it seems that depending on the context, STAT6 is able to recruit machinery
involved in directing or preventing DNA demethylation, and therefore related to opposed

processes in relation with gene activation or repression

To summarize this first part of the work, our results show for the first time all the
molecular sequential events that take place when a cytokine like IL-4 binds to its receptor and
results in activating downstream cell signalling pathways, which eventually result in the specific

recruitment of enzymes involved in active DNA methylation.
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Figure 4-1 Model depicting the participation of the IL-4-JAK3-STAT6 pathway in targeting
demethylation of DC-specific genes

IL-4 binding to IL-4R activates JAK3 that is able to phosphorylate STAT6. Once STAT6 is activated,
dimerise and enters to the nucleus where mediates the recruitment of TET2 to specific regions coding
for genes only expressed in MO derived DC (and not in MO derived MAC). TET2 is the main responsible
enzyme to produce demethylation and the consequent gene expression of those genes.

Although demethylation is the most common change regarding DNA methylation in MO-
related differentiation processes, significant gains of DNA methylation were also observed for
some genes repressed during MO-to-DC and MO-to-MAC differentiation (ARTICLE 3). One
example of this group of genes is FYN, encoding a Tyr-protein kinase related to MO function. Its
hypermethylation during MO-to-DC differentiation (also in OC differentiation) occurred after
the induction of gene expression, suggesting a possible role of methylation in controlling gene
expression stability but not in gene expression induction. Other epigenetic mechanisms involved
in gene repression (the acquisition of H3K27me3 or H3K9me3) followed a similar dynamics,
which suggests that repressive epigenetic mechanisms are more associated with gene
expression stability than with the induction of gene expression itself. In contrast, the loss of
active epigenetic marks, H3K4me3 or H3K36me3, precede changes in gene expression,
indicating a possible cause-and-effect relationship between the loss of active epigenetics marks
and gene expression. Results from the inhibition of the de novo DNA methyltransferase DNMT3B
are also in the same line. Despite the partial impairment of DNA methylation gains following
DNMT3B inhibition, we did not observe an impact on the gene expression changes. However,
we observed that some of the surface markers that characterize DCs were not present at the
same levels. This result indicates the importance of the gains of DNA methylation for these genes

to the acquisition of the DC phenotype during differentiation, which is highly probable to occur
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through their role in gene expression stability. This brought up some intriguing questions, as the
exact role of DNA methylation in gene expression stability still needs to be studied in depth:
what are the long-term consequences of DNA methylation removal? How that could affect the
different DNMTs to DNA methylation and genome stability? What are the consequences among
other genes that also become hypermethylated during the process? Because DC and MAC are
not associated with a high range of hypermethylation changes and because the process of
differentiation in both cell types lasts less than one week, we choose the OC model for
addressing this questions. OC represent an ideal model to study the effects of DNA methylation
in MO differentiation, due to the possibility of long-term experiments (osteoclastogenesis for
the last 21 days) and the higher number of hypermethylated genes during differentiation. We
are currently inhibiting DNMT3a and DNMT3b using specific siRNAs during osteoclastogenesis
at the laboratory, and in agreement with a recently published article 24, we are in the way to

better dissect the functional relevance of this factors in the cell .

Analysis of the lists of genes that become demethylated genes in MO-to-MAC and MO-
to-DC differentiation revealed the presence of a set of genes involved in the inflammasome
pathway (ARTICLE 2). Due to the relevance of the inflammasome for the inflammatory
properties of MACs we decided to investigate further the role of DNA methylation in this

process.

The inflammasome-associated genes identified to be demethylated during MAC
differentiation are distributed along the inflammasome signalling cascade. We found
demethylation of NLRC5 and AIM2, both members of the NLRs family that comprises a set of
genes specialized in detecting danger and/or stress signals within the cell cytoplasm. Namely,
NLRCS5 is activated by a variety of stimuli including LPS and AIM2 assembles upon sensing foreign
cytoplasmic double-stranded DNA (dsDNA). When these proteins detect danger, they are able
to oligomerize and form the inflammasome structure that in turn recruits and activates the
protease CASP-1. CASP-1 and PYCARD are two of the crucial proteins that form the
inflammasome structures, and our data have shown that both genes are also regulated by DNA
methylation. PYCARD is an adaptor protein that is able to recruit CASP-1, which is involved in
cleaving some inflammatory cytokines like IL-1a or IL-1B. The genes encoding for these cytokines
also undergo demethylation in MAC differentiation. Other genes associated with the
inflammasome, which were also demethylated include /LIRN and PSTPIP2. ILIRN is an
antagonist of the IL-1B and is overexpressed during inflammation as it tries to compensate for
the IL-1PB signalling. On the other hand, PSTPIP2 is a negative regulator of CASP-1-autonomous

IL-1B production?® .
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In our work, we have studied the dynamics of DNA methylation and gene expression of
inflammasome related genes during stimulation, and we have observed that DNA demethylation

precedes gene expression upregulation, indicating a possible causal relationship between them.

Given the absence of cell division/DNA replication and the fast decrease of DNA
methylation (before 24h) into MO-to-MAC differentiation an active mechanism of methylation
seems to be occurring. Our hypothesis is confirmed due to the fact that when TET2 is silenced

during MO-to-MAC differentiation, an impairment of demethylation is observed.

On the other hand, loss of DNA methylation in inflammasome-associated genesis also
observed during MO activation by IL-1B and LPS and in the presence of ATP and MSU crystals,
all of which are activators of the NLRP3 inflammasome. In this case, gene expression anticipates
changes in DNA methylation (in contrast with our observations for DNA demethylation in GM-
CSF-mediated differentiation), indicating a different and potentially complementary role for

DNA methylation in this case.

We have also detected that the inhibition of NF-kB is associated with an impairment of
DNA demethylation and gene expression of genes related to inflammasome function during MO
activation. This suggests that NF-kB may mediate TET2 recruitment and subsequent DNA
demethylation. Additional experiments to elucidate whether NF-kB subunits directly interacts
with TET2 (or other enzymes involved in active DNA demethylation) are currently performed in

our laboratory.

An interesting experiment would be to investigate whether changes in histone
modifications are also associated with the upregulation of inflammasome-related genes. It is
possible that differences in the MO-to-MAC differentiation and IL-1 (or LPS)-mediated MO
activation could be explained by the dynamics of histone modification changes. It might also be
likely that the gain of active histone modifications marks (such as H3K4me3 or H3K36me3) or
the loss of repressive histone modification marks (such as H3K27me3 or H3K9me3) anticipate

the induction of gene expression in the case of MO activation.

Aberrant hyperactivity of the inflammasome, due to activating mutations, has been
shown to causal the development of monogenic autoinflammatory disorders, such as FMF or
CAPS. We have demonstrated that exacerbated DNA methylation is associated with CAPS and
FMF. No differences in the DNA methylation levels of inflammasome-associated genes between
recently isolated MOs from patients and controls was observed. However, when we examined
the ability to demethylate these genes in MOs following exposure to IL-1B or GM-CSF, we
detected higher DNA demethylation in CAPS and FMF individuals than in healthy donors. These
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results suggest that the presence of the IL-1B (which recapitulates the environment of the
circulating MOs in these syndormes) primes these genes for increased DNA demethylation-

related induction of gene expression in contrast to controls.

It has been demonstrated that IL-1p stimulation induces a positive loop, causing higher
rates of IL-1B production 1% . In this work, we propose that DNA demethylation is part of this
loop. In other words, the presence of IL-1B induces DNA demethylation of inflammasome genes
that are at the same rate stimulating IL-1 production. In patients, MO present a higher rate of
IL-1B production, which could be inducing DNA demethylation in these samples that act as an

amplifier of the signal.

One potential explanation for the absence of changes in MOs before any type of induction
would be that damaged cells are lost during the MO isolation process. In regards to this,
inflammasome activation can cause pyroptosis (an inflammatory form of cell death), so these
cells would be discarded under separation. Therefore, it is possible that these discarded cells
correspond to those ones that have been exposed longer to IL-1B stimulus and consequently,

with higher rates of DNA hypomethylation.

To sum up this second part of the thesis, we have demonstrated that NF-kB is able to drive
the active loss of DNA methylation in some inflammasome-related genes in both MAC
differentiation and MO activation. Moreover, the fact that increased DNA methylation can be
involved in the activation of inflammasome-associated genes in autoinflammatory syndromes
might explain the different behaviour between patients carrying the same mutation. More
interestingly, this finding opens up a number of possibilities from the translational point of view,
as new drugs targeting epigenetic and in particular DNA methylation machinery can be designed

in order to treat IL-13 mediated diseases.
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Figure 4-2 Diagram depicting the participation of the active demethylation machinery in driving the
expression of inflammasome-related genes.

During MO activation, ligand binding to TLR4 and IL-1R is associated with a DNA demethylation of
inflammasome-related genes that is driven by the recruitment of the DNA demethylation machinery
by the NF-kB complex.

From the experimental point of view it is worthwhile to comment on some caveats and
technical limitations that we tackled while we were performing the experiments presented
throughout this thesis. The main technical problem was associated with the use of siRNAs for
gene downregulation. Although siRNAs are very specific to downregulate their targets (which
gives them an advantage among pharmacological inhibitors), their mechanism of action often
starts 48-72 hours post-transfection. In our case, DNA demethylation is a very fast process, with
methylation usually decaying before the first 48 hours. In order to partially solve this problem,
we did not add cytokines until 24 hours after transfection, which was very useful for the majority
of genes but not for those whose methylation decreases completely in 24 hours. Another
limitation with siRNAs is that these molecules are not always able to fully silence the targeted
protein. In the case of TET2, we were only able to silence 30% of the protein. Consequently,
although a reduction in the active mechanism was detected, it was not completely inhibited.
Taking this into consideration, we are optimizing the use of CRISPR technology in the laboratory
226 that presents an alternative to siRNAs, due to their specificity and efficiency in the inhibition
of their targets. This technique will allow us to determine whether TET2 is the only 5mC
dioxygenase involved in the oxidization of 5meC or if TET1 and TET3 are also participating in

active demethylation. We will also be able to explore other elements of the active

demethylation machinery.
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Finally, apart from studying the relevance of DNA methylation in the process of
differentiation of MOs to MACs and DCs we were also interested in other regulatory mechanisms
involved in MO-associated differentiation (ARTICLE 4). In this sense, the last study presented in
this thesis, shows a different implication of NF-kB in the regulation of gene expression.
Specifically, we determined that NF-kB plays a role in regulating two miRNA clusters (miR-
99b/let-7e/125a and miR-212/132 clusters) that are required for differentiation of MOs to OCs,
DCs and MACs. More specifically, we have found that those miRNAs negatively target proteins
involved in MO function that are silenced during MO-associated differentiation. The upregulated
miRNAs are therefore necessary to ensure the proper silencing of genes that allow MO to
differentiate. A previous study from group led to similar conclusions in a model of
transdifferentiation based on the ability of the myeloid transcription factor C/EBPa to
transdifferentiate pre-B cells into MACs?*’. In that model, upregulation of miRNAs is directly

associated with the silencing of the B cell expression programme.

The crucial role of the upregulated miRNA clusters (miR-99b/let-7e/125a and miR-
212/132 clusters) during MO-to-OC differentiation, is highlighted by the fact that the use of
antagomirs to inhibit the upregulation of these miRNAs impairs differentiation. This reinforces
the notion that the silencing of inappropriate genes during differentiation, including those
corresponding to the progenitor, is crucial for a proper differentiation. Given the diverse
number of potential targets for each miRNA, it seems plausible that the miRNAs within the
clusters that we identified to be upreglated perform an inhibitor effect in several of those genes.
The bioinformatic analysis to predict the possible targets of each miRNA was performed while
ignoring that some of the changes could have been occurring post-transcriptionally, in turn not
having any effect on the amount of RNA messenger. Despite this limitation, we found interesting
targets with key roles in other lineages, whose inhibition in MO differentiation to DCs, MACs and

OCs is essential.

Our study focused on miRNAs that are common for three MO-derived differentiation
processes (MO-to-OC, MO-to-DC, and MO-to-MAC). However, it would also be very interesting
to concentrate on studying those miRNAs whose changes are exclusive to each of the
differentiation processes. This type of approach would be useful in investigating how cell
identity is also influenced by miRNAs and how specific pathways of each differentiation are able
to regulate miRNA expression changes. The identification of those miRNAs exclusive to each
process might be useful for inhibiting in a more specific manner one cell type altered under

inflammatory conditions.
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In this study, we have also elucidated how NF-kB pathway regulates the miR-99b/let-
7e/125a and miR-212/132 upregulation. Accordingly, the NF-kB pathway is activated under
inflammation conditions and in all three MO-related differentiation models, inflammation
pathways were activated by GM-CSF (MAC and DC) and by M-CSF (OC). Although there were no
previous studies describing NF-kB mediated activation of miRNAs in cells of the innate system,
it has been recently identified that this pathway is responsible for regulating miRNAs in a primary
model of B cell infection by EBV 7. These results indicates that the NF-kB pathway plays a role
in cells of both adaptive and innate immune system to regulate rapid responses to a stimulus

through miRNAs.

Altogether, these results show that the NF-kB pathway is able to upregulate a set of
miRNAs in the three studied MO-related differentiation models with a critical role in silencing
the expression of genes from other lineages. These miRNAs could be potential targets for
pharmacological drugs that in one way or another try to inhibit or potentiate the presence of

0OC, MAC and DC.

To summarize the thesis, we have found how regulatory epigenetic changes are crucial
for MO-to-DC and MO-to-MAC differentiation and for MO activation through the regulation of
specific transcriptional programmes. In this way, we have demonstrated how cell identity in
these processes not only depends on those genes that should be expressed, but also on those
that are from other lineages and need to be repressed. Future experiments integrating all
epigenetic and transcriptomic data in those models will be helpful in predicting decisions that
cells can make under certain circumstances and in unravelling new mechanisms of cellular

regulation.
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5 CONCLUSIONS

The conclusions obtained during this doctoral thesis can be summarised as follows

1. In vitro differentiation of MOs to DCs and MACs results in predominant loss of DNA
methylation, whereas only a few genes undergo gains of DNA methylation. We have
determined that 1654 and 2586 CpGs undergo demethylation in in MO-to-DC and MO-

to-MAC differentiation, respectively.

2. LPS-mediated maturation of DCs and MACs is associated with very few significant
changes in DNA methylation. Specifically, 75 and 27 CpG sites change their DNA

methylation status for DC and MAC maturation, respectively.

3. Asignificant fraction of demethylated CpGs are specific to each differentiation process:
235 genes in MO-to-DC and 1167 genes in MO-to-MAC differentiation. Among them,
there are genes involved in DC-specific functions (DUOX1, SLAMF1) and MAC unique
functions (IL1B, CCL20).

4. DNA demethylation in MO-to-MAC and MO-to-DC differentiation is an active process
that depends on the activity of the methylcytosine dioxygenase TET2. The activity of

TET2 is also responsible for the final DC and MAC phenotype.

5. Expression changes are observed for both differentiation and maturation steps for both
DCs and MACs. In addition, a similar proportion of genes are upregulated and

downregulated in both steps.

6. Many genes display an inverse relationship between their expression and DNA
methylation status. Moreover, some of the genes that lose DNA methylation during
differentiation are associated with an increase in expression during the subsequent LPS-

mediated maturation step.
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7.

10.

11.

12.

13.

Inhibition of the JAK3-STAT6 pathway impairs DNA methylation and expression changes
of DC-specific genes and have an opposite effect in MAC-specific genes during DC

differentiation.

STAT6 interacts specifically with genes like DUOX1 and SLAMF1, which are
demethylated and overexpressed in DCs. Recruitment to these genes only occurs in DC
differentiation, and does not take place in MAC differentiation or when the JAK3

inhibitor is present.

A constitutively activated STAT6 form induces demethylation of DC-specific genes and
impairs MAC-specific gene demethylation under the conditions of MAC differentiation

(in the presence of GM-CSF alone).

A small proportion of genes that become silenced during MO-to-DC and MO-to-MAC
(CSF3R, FYN, PRKCE, CXCR1) differentiation undergo gains of de novo DNA methylation.

The dynamics of the differentiation process reveals that expression changes precede
gains in DNA methylation and in histone modification repressive marks (H3K27me3 and
H3K9me3) in specific genes. Loss of activating histone modifications marks H3K36me3

and H3K4me3 parallel specific gene expression changes.

Pharmacological inhibition of DNMT3b does not result in impaired gene expression,

however it affects the final DC phenotype.

Several inflammasome-related genes undergo DNA demethylation during MO-to-MAC
differentiation. DNA demethylation occurs in association with upregulation; however
for some of these genes (IL1A, IL1B, AIM2, CASP-1), upregulation only takes place after

LPS exposure.



Conclusions

14.

15.

16.

17.

18.

19.

20.

Specific inhibition of TET2 during MO-to-MAC differentiation impaired demethylation,
and changes in 5-hydroxymethylcytosine, as well as overexpression of inflammasome

genes during MO-to-MAC differentiation.

NF-kB is involved in demethylation of inflammasome-related genes, as demonstrated

by both NF-kB inhibitors and ChIP assays.

LPS or IL-1B mediated activation of MOs in vitro stimulates demethylation and

overexpression of genes involved in the inflammasome.

Patients with autoinflammatory syndromes CAPS and FMF undergo higher DNA
methylation in inflammatory-associated genes in in vitro activated MOs in comparison

to healthy donors.

Expression of two miRNA clusters (miR-99b/let-7b/125a and miR-212/132) is increased
during MO-to-MAC, MO-to-DC and MO-to-OC differentiation.

MiRNA overexpressed during MO differentiation processes are able to reduce the mRNA
and protein levels of lineage inappropriate genes like ITGA4, THBS1 or IGFR1 and ensure

proper differentiation.

NF-kB has a direct role in the regulation of miRNAs overexpressed in MO-derived
differentiation models.
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Epigenetic control of myeloid cell
differentiation, identity and function

Damiana Alvarez-Errico’, Roser Vento-Tormo', Michael Sieweke? and

Esteban Ballestar’

Abstract | Myeloid cells are crucial effectors of the innate immune response and important
regulators of adaptive immunity. The differentiation and activation of myeloid cells requires
the timely regulation of gene expression; this depends on the interplay of a variety of

elements, including transcription factors and epigenetic mechanisms. Epigenetic control
involves histone modifications and DNA methylation, and is coupled to lineage-specifying
transcription factors, upstream signalling pathways and external factors released in the bone
marrow, blood and tissue environments. In this Review, we highlight key epigenetic events
controlling myeloid cell biology, focusing on those related to myeloid cell differentiation,

Histones

A family of basic proteins
found in the nuclei of
eukaryotic cells that package
and organize DNA into
repetitive structural units
named nucleosomes.
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the acquisition of myeloid identity and innate immune memory.

Cell differentiation across the myeloid lineage provides an
excellent model for defining the intricate gene-regulatory
mechanisms that confer identity and function on immune
cells. The initial steps of myeloid cell differentiation take
place in the bone marrow, and they are determined by
cytokine signals that are mainly provided by stromal
cells' and that promote the progressive activation of the
myeloid-specifying transcriptional programme. Later
on, terminal differentiation processes that lead to the
generation of mature myeloid cells occur in the blood
or peripheral tissues and depend on the exposure of
precursor cells to cytokines, antigens and other factors™

The control of differentiation from progenitor and
intermediate cell types to fully differentiated myeloid
cells requires the timely regulation of gene expression,
the basis of which depends on the interplay of a variety
of elements, including transcription factors, epigenetic
regulation and post-transcriptional control mechanisms.
Epigenetic regulation, comprising the post-translational
modification of histones and DNA methylation, is not
only coupled with transcription factor-mediated regu-
lation, but is also linked with upstream signalling path-
ways that connect external signals and gene function
to shape the identity and function of immune cells. In
light of recent data obtained by high-throughput epi-
genomic techniques, we now possess detailed informa-
tion concerning how the myeloid compartment develops
in association with epigenetic changes.

In this Review, we discuss the role of epigenetic
regulation in determining cell fate decisions within the
myeloid compartment, as well as during the generation

of functional myeloid cell responses. In particular, we
focus on the prominent role of DNA demethylation
events in myeloid cell differentiation and the relevance of
the ten-eleven-translocation (TET) protein methylcyto-
sine dioxygenase TET2, an enzyme that promotes DNA
demethylation. Finally, we describe the newly emerg-
ing data that point to an important role for epigenetic
mechanisms in controlling memory-type responses in
monocytes and macrophages.

Epigenetics and gene expression control

Histone modifications are important for the regulation
of chromatin function and enable the recruitment of spe-
cific nuclear factors that promote different cellular func-
tions. We now know of more than 100 post-translational
modification sites that can be found in histones as a
result of the acetylation, methylation, phosphorylation
or ubiquitylation of different lysine, arginine, serine and
other amino acid residues’. Specific sites within histone
tails — in particular, lysine and arginine residues — are
targeted by different families of histone-modifying
enzymes depending on the specific signals and con-
ditions that a cell is exposed to*. Histone acetylation
is one of the best-studied modifications and it gener-
ally correlates with the levels of gene expression®. The
overall acetylation status is determined by the relative
activity of histone acetyltransferases (HATs) and histone
deacetylases (HDAC:sS). Similarly, the methylation status
of lysine or arginine residues depends on the relative
activity of lysine and arginine methyltransferases on one
hand, and lysine demethylases, arginine deiminases and
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Shores

Regions that are located within
2kb of CpG islands and are
usually methylation hotspots.

Shelves

Regions that flank CpG island
shores and are located 2—4kb
from CpG islands.

Open sea

CpG sites that are located
outside of the CpG island
context.

Imprinted genes

Genes for which the expression
status is determined by the
parent that contributed them.

arginine demethylases on the other. The effect of meth-
ylation status on transcription depends on the exact
residue targeted and the degree of methylation; that is,
whether a residue is monomethylated (mel), dimeth-
ylated (me2) or trimethylated (me3)*. For instance,
considering histone H3, H3K4me3 is associated with
transcriptional activation, whereas H3K27me3 is linked
with gene repression’.

DNA methylation has a central role in cell differ-
entiation and function by driving and stabilizing gene
activity states during cell fate decisions. Addition of a
methyl group to the 5" position of the pyrimidine ring
of certain cytosines that are adjacent to guanines in the
DNA (known as CpG dinucleotides) directly modulates
the binding of particular transcription factors to their
cognate sites or influences the binding of other nuclear
factors that display higher or lower affinity for methyl-
ated cytosines®’, which eventually modifies transcription
factor accessibility or chromatin structure. Most CpG
dinucleotides are methylated throughout the mamma-
lian genome, and 5-methylcytosine (5meC) is evenly
distributed, except for in CpGs that are densely clus-
tered in areas called CpG islands (CGIs)**. CGIs have
long been thought to be the primary DNA methylation-
dependent regulatory regions. However, they exhibit
low levels of methylation in many cell types, and the
greatest variation in DNA methylation levels among
different cell types occurs primarily at the borders of
CGls, in regions termed ‘shores’ which are also hot-
spots for hypermethylation and hypomethylation in
malignant cells'. More recently, high-throughput DNA
methylation analysis has led to the identification of
potential regulatory hypomethylated regions that are
located either partially or completely outside CGIs, in
shores (within 2kb upstream or downstream of CGIs),
‘shelves’ (within 2kb upstream or downstream from
shores) or in the ‘open sea’ Moreover, a substantial pro-
portion of regulatory hypomethylated regions are located
either partially or fully within gene bodies, reflecting the
importance of intragenic methylation in the regulation
of gene transcription'"". Studies of whole-genome DNA
methylation are leading to the identification of new regu-
latory hypomethylated regions beyond CGIs that have
important regulatory functions'®. The analysis of the
DNA methylome of mouse stem cells has confirmed that
the majority of CpGs behave in a bimodal way'*. Most
CpGs show a high level of methylation and some are
unmethylated; however, there is also a group of CpGs
that show an intermediate level of methylation, and
these correspond to distal regulatory regions'.

Methylation of cytosines silences certain genomic
regions during cell fate determination, including
imprinted genes and X chromosome inactivation genes,
as well as some cell-type-specific genes’. DNA meth-
yltransferases (DNMTs) mediate the methylation of
cytosines and are well characterized in mammals.
DNMT1 maintains pre-existing DNA methylation
profiles throughout DNA replication cycles, whereas
DNMT3A and DNMT3B are mainly responsible for
de novo methylation'®. By contrast, the mechanisms
that control DNA demethylation have proven to be

more elusive. Methyl groups can be lost from DNA
by enzymatic inhibition or exclusion of DNMTs in
dividing cells. This replication-dependent loss of
5meC — known as passive DNA demethylation — has
been described in several biological processes and is
a commonly used mechanism to pharmacologically
demethylate cells'®. DNA methylation can also be rap-
idly lost independent of DNA replication. In the past
15 years, a variety of enzymes and mechanisms have
been proposed to participate in this so-called active
demethylation'”. We now know that active DNA
demethylation involves the activity of TET proteins;
this family of methylcytosine dioxygenases sequen-
tially oxidizes 5meC to 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine
(5caC), which are then excised by G/T mismatch-
specific thymine DNA glycosylase (TDG). In turn, this
two-step process of oxidation and excision generates
abasic sites that are then used by the base excision repair
machinery to regenerate unmodified cytosines, changing
the DNA methylation patterns and locally decreasing
DNA methylation'®?!. Whether these oxidized nucleo-
tides (such as 5hmC) are themselves bona fide epi-
genetic marks with direct functional consequences or
just transient intermediates remains controversial. The
relevance of TET proteins and 5ShmC is evident from the
fact that embryonic stem cells from mice that are triple
deficient for Tet1, Tet2 and Tet3 show severely compro-
mised differentiation and development®. Surprisingly,
long conserved stretches of low-methylated DNA with
aregulatory function, known as ‘canyons;, have recently
been discovered. These are maintained by DNMT3A
and their borders are flanked by 5hmC*.

Epigenetics of immune cell differentiation

Early epigenetic events in haematopoiesis. Epigenetic
changes are crucial in haematopoiesis as they regulate
the successive gene-expression programmes that give
rise to all immune cell populations. Haematopoietic cell
differentiation is initiated and maintained in the bone
marrow by haematopoietic stem cells (HSCs), a rare cell
population that gives rise to the entire population of cir-
culating blood cells and immune cells that are found in
the peripheral tissues*. HSCs have self-renewal capacity
and are multipotent, allowing the immune and haemato-
poietic compartments to be maintained and repopu-
lated. Investigation into the participation of epigenetic
events in haematopoiesis has revealed that both DNA
and histone modifications are important in this process.
For instance, the ablation of Hdacl and Hdac2 in mouse
bone marrow progenitor cells impedes the development
of erythrocytes and megakaryocytes®. In addition, mice
with reduced DNMT1 activity have a myeloerythroid
bias as they cannot suppress key myeloerythroid regu-
lators, and thus can generate myeloerythroid, but not
lymphoid, progeny?.

Haematopoiesis is a tightly regulated process during
which there is a subsequent appearance of restrictive
nodes. An in depth study of the transcriptome associated
with lineage commitment in early progenitors of human
blood cells has revealed a layer of regulation that relies on
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great transcriptional diversity, including transcriptional
isoforms that control protein levels”. The first ramifi-
cation of this is that multipotent progenitors (MPPs)
differentiate into two branches: one deriving from the
common myeloid progenitor (CMP) and the other from

recursor % @
i

HSC

‘@‘@—@

CMP GMP Monocyte

Granulocyte

Mouse double-deficient for DNMT3A and DNMT3B

Figure 1| DNA methylation events in the early stages of haematopoiesis.

a| The figure shows the main patterns of methylation that occur during adult
haematopoiesis, summarizing data obtained from studies using primary cells from humans
and mice, as well as cell lines. The key changes in DNA methylation that are associated
with each step are indicated, with the blue triangles representing an overall increase in
methylation and the red triangles representing a loss of methylation®***4'43 b | The figure
depicts how haematopoiesis is deregulated in DNA methyltransferase 1 (DNMT1)-
hypomorphic mice, which only possess one allele encoding a functional DNMT1 protein .
Haematopoietic stem cells (HSCs) in these mice are biased towards myeloerythroid
lineage differentiation to the detriment of lymphoid development. ¢ | HSCs from mice that
are double-deficient for DNMT3A and DNMT3B expression show enhanced self-renewal
capacity, but are subsequently blocked from undergoing further differentiation into
common myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs). A similar,
although less severe, phenotype is seen in mice with a single deficiency of either DNMT3A
or DNMT3B (not shown), with this phenotype being more pronounced in HSCs with a
single deficiency of DNMT3A than in HSCs with a single deficiency of DNMT3B.DC,
dendritic cell; GMP, granulocyte-macrophage progenitor; MPP, multipotent progenitor.
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the common lymphoid progenitor (CLP)*. Downstream
of CMPs, specific growth factors sustain the generation
of the granulocyte-macrophage lineage (which gives
rise to monocytes, neutrophils, eosinophils, basophils
and mast cells) and the megakaryocyte-erythroid
lineage* (which gives rise to erythrocytes and platelets).
By contrast, CLPs have the capacity to generate B cells,
T cells and natural killer (NK) cells®. The participation
of epigenetic events in these decisions is highlighted,
for instance, by the finding that committed CMPs dif-
ferentiate into megakaryocyte—erythroid lineages when
HDACI expression is sustained by the GATA-binding
protein 1 (GATA1; also known as erythroid transcrip-
tion factor 1), whereas when HDACI expression is
downregulated by CCAAT/enhancer-binding protein
(C/EBP) transcription factors, committed CMPs give
rise to myeloid cells, in particular granulocytes®.

Distinct DNA methylation patterns characterize
myeloid and lymphoid cell differentiation. DNA
methylation events help to regulate HSC self-renewal
during haematopoiesis, facilitating the commitment
to a lymphoid or myeloid fate, and finally establishing
the identities of differentiated cell types®. DNMT1 is
indispensable for protecting HSCs from the premature
activation of predominant differentiation programmes®
(FIC. 1), and DNMT3A and DNMT3B are required to
silence the expression of transcription factors related
to self-renewal and multipotency, such as RUNT-related
transcription factor 1 (RUNX1) and GATA3, allowing
differentiation to proceed®'. In addition, analysis of the
epigenome of HSCs has revealed that genes encoding
transcription factors that are important for haemato-
poietic cell differentiation, such as C/EBPa, EBF1 and
paired box protein PAX5 (PAXS5), display low levels of
DNA methylation and are enriched in both activat-
ing H3K4me3 and repressive H3K27me3 marks (also
known as bivalent domains), showing coordination of
epigenetic regulatory mechanisms*?>. Myelomonocytic
cells are more evolutionarily ancient than the lym-
phoid compartment™; perhaps reflecting this, the DNA
methylation patterns of HSCs more closely resemble
those seen in myeloid cells than those in lymphoid
cells™, suggesting an intrinsic myeloid bias of the HSC
methylome®**. This connection between the myeloid
lineage and HSCs is reinforced by the recent finding
that macrophage colony-stimulating factor (M-CSF;
also known as CSF1) — a myeloid cytokine released
during infection and inflammation — can activate the
transcription factor PU.1 in HSCs, thereby promot-
ing a myeloid-specifying gene signature and myeloid
differentiation potential®.

DNA methylation levels increase upon lymphoid
commitment, but decrease sharply as myeloid dif-
ferentiation progresses®. This is consistent with the
observation that HSCs are unable to differentiate into
lymphoid cells in mice with reduced DNMT1 activity,
as myeloerythroid regulators cannot be silenced*. Cells
from DnmtI-hypomorphic mice show higher expression
levels and lower DNA methylation levels of signature
myeloerythroid progenitor genes, including the genes

NATURE REVIEWS [IMMUNOLOGY

VOLUME 15 [ JANUARY 2015 [ 9

© 2015 Macmillan Publishers Limited. All rights reserved




REVIEWS

Methyl-CpG binding
proteins

A family of proteins
characterized by the presence
of the methyl-CpG binding
domain, several of which are
integral components of or are
involved in the recruitment of
different histone deacetylase
complexes and chromatin
remodelling factors of different
nuclear complexes that have a
role in gene expression.

Yamanaka factors

A set of transcription factors
that are highly expressed in
embryonic stem cells. Their
overexpression induces
pluripotency in somatic cells.

that encode the transcription factors GATALI, inhibitor
of DNA binding 2 (ID2) and C/EBPa*. Compared with
the DNA methylation profiles of CD34* progenitor cells,
terminally differentiated monocytes and granulocytes
show a marked trend towards DNA hypomethylation®.
In addition, when the DNA methylation signatures of
terminally differentiated human blood cells — includ-
ing B cells, NK cells, T cells, monocytes, basophils,
eosinophils and neutrophils — were assessed, a marked
hypomethylation pattern was found in myeloid cells
compared with in lymphoid cells***. Notably, regula-
tory hypomethylated regions are more common in
monocytes than in lymphoid cells'

Although DNA hypomethylation is a general fea-
ture of myeloid cells, it is important to note that DNA
methylation is dynamically regulated during granulo-
poiesis and varies with the stage of differentiation.
During neutrophil development, there is an increase
in DNA methylation during the transition of CMPs
into granulocyte-macrophage progenitors (GMPs),
followed by a reduction in methylation between the
GMP and promyelocyte stages of development* (FIC. 1).
However, differences in methylation levels between
promyelocytes and the polymorphonuclear neutrophils
that they give rise to seem to be very small*. Possibly,
the initial increase in DNA methylation seen during
the CMP to GMP transition is related to the silenc-
ing of pluripotency-related genes, thereby generating
a first ‘wave’ of commitment and a reduction in self-
renewal capacity. This may then be followed by a DNA
demethylation-dependent derepression of myeloid-
specific genes in the second stage of development. Finally,
the small but significant changes in 5meC levels during
the transition from promyelocytes to neutrophils could
be associated with specific and rapid response genes,
suggesting that DNA methylation is a more dynamic
regulatory mechanism than previously thought. TET2 —
the most abundant TET family member in myeloid
cells — is likely to participate in the observed changes
towards demethylation during myeloid differentiation.

The aforementioned findings, comparing the DNA
methylation profiles of myeloid cells that were analysed
ex vivo at various stages of development, are generally
consistent with those obtained from differentiation
models. For instance, the in vitro differentiation of
monocytes into macrophages or dendritic cells involves
active DNA demethylation throughout the entire pro-
cess*'™#. Various studies have identified differentially
methylated gene regions that are methylated in mono-
cytes and undergo active demethylation during their
differentiation into macrophages and dendritic cells**.
However, de novo DNA methylation has rarely been
detected during these two differentiation processes*"*.

Epigenetic control of myeloid cell identity

Lessons from transcription factor-mediated transdif-
ferentiation models. In the myeloid compartment,
the differentiation and establishment of inflamma-
tory cells depends on the instructive effects of several
lineage-specific transcription factors, including PU.1,
C/EBPa and GATA1 (REFS 44,45) (FIC. 2). Transcription

factor-mediated reprogramming and transdifferentia-
tion experiments have not only been useful for investi-
gating the specific contribution of transcription factors
to myeloid cell identity, but have also shed light on
their association with the epigenetic machinery. One
example is the demonstration of the ability of PU.1 and
C/EBPa to promote the conversion of fibroblasts into
macrophages*é, which reinforces the key role of these
two transcription factors as modulators of macrophage-
specific gene expression. Another key model is repre-
sented by the C/EBPa-induced transdifferentiation of
B cells into macrophages**. In this process, C/EBPa
expression in pre-B cells coordinates the acquisition
of the macrophage-specific gene-expression pro-
gramme leading to the generation of functional macro-
phages. It has been demonstrated that HDAC?7 has a
role in repressing macrophage-specific genes, and its
expression is strongly downregulated during C/EBPa-
mediated transdifferentiation, allowing the induction of
the macrophage-specifying programme®.
Surprisingly, C/EBPa-mediated transdifferentia-
tion of pre-B cells into macrophages occurs without
noticeable changes in DNA methylation, and repro-
grammed macrophages retain the DNA methylation
profile of pre-B cells”. Neither a gain in the methyla-
tion of lymphoid-specific genes nor the demethylation
of myeloid-specific genes occurs during this process.
However, C/EBPa activates TET2 during the C/EBPa-
mediated reprogramming of B cells into macrophages™.
Specifically, TET2 promotes hydroxymethylation and
facilitates the derepression of myeloid target genes dur-
ing this process. This suggests that TET2-mediated
hydroxymethylation may have a direct positive role
in gene expression, without necessarily leading to
demethylation. In line with this, in vitro studies have
shown that methyl-CpG binding proteins have a reduced
binding affinity for 5hmC compared with 5mC®!,
reinforcing the possibility that this oxidized nucleotide
may itself have a direct effect on gene expression.
These findings highlight the relevance of C/EBPa
and TET?2 in the acquisition of cell identity in macro-
phages, despite the inability of this system to proceed
further towards demethylation. The importance of
C/EBPa and TET?2 is also indicated by the finding that
the ectopic expression of C/EBPa, together with trans-
duction of the Yamanaka factors OCT4 (also known as
POUS5F1), SOX2, Kriippel-like factor 4 (KLF4) and
MYC — which are collectively referred to as OSKM —
allows the direct reprogramming of terminally differ-
entiated mature B cells towards a pluripotent state®.
More recently, it has been shown that the efficiency
of this process can be increased 100-fold if C/EBPa is
transfected before the introduction of the Yamanaka
factors in a mechanism that involves TET2 and 5hmC,
and presumably favours a more open chromatin confor-
mation, which allows the transcription factors greater
accessibility®. In fact, the sole overexpression of TET2
enhances OSKM-induced B cell reprogramming?. All
of these findings indicate that TET2 is a key enzyme
in the acquisition of myeloid cell identity. It is also
tempting to speculate that TET2 may be a key factor in
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Figure 2 | Transcription factors and epigenetic regulators of haematopoietic cell differentiation. The figure focuses
on the main stages of myeloid differentiation (in the central horizontal axis) and indicates the key transcription factors
(yellow boxes) and epigenetic enzymes that could be involved at each stage. Enzymes that participate in DNA
demethylation events are shown in blue boxes, histone deacetylases (HDACs) are shown in orange boxes and histone
acetyltransferases are shown in green boxes. Progenitor cells involved at each stage include haematopoietic stem cells
(HSCs), multipotent progenitors (MPPs), common myeloid progenitor (CMPs), common lymphoid progenitor (CLPs) and
granulocyte-monocyte progenitors (GMPs). These progenitors ultimately give rise to various terminally differentiated cell
types, such as dendritic cells (DCs) and macrophages. In pluripotent cells, self-renewal is controlled by Ikaros and E2A,
and progression into increasingly committed myeloid cells types is dependent on the expression and dose of PU.1 that

is already present at the CMP stage. In human monocytes, PU.1 has been reported to interact with DNA methylation
enzymes such as methylcytosine dioxygenase TET2 and DNA methyltransferase 3B (DNMT3B), and may potentially
recruit them to their target genes. CCAAT/enhancer binding protein-a (C/EBPa) is also an important regulatory
transcription factor that cooperates with PU.1 to promote myeloid identity. In inflamed tissues, monocytes undergo
terminal differentiation into macrophages in a process that is controlled by the transcription factor MAFB, or into
inflammatory DCs in a process controlled by interferon-regulatory factor 8 (IRF8) expression. IRF8 also blocks granulocytic
transcriptional programmes. CBP, CREB-binding protein; CDP, common DC precursor; GATA1, GATA-binding protein 1;
NK, naturalkiller; p300, histone acetyltransferase p300; RUNX1, RUNT-related transcription factor 1; TAL1, T cell acute

lymphocytic leukaemia protein 1.

determining the closer relationship of myeloid cells to
HSCs, compared with their relationship to lymphocytes.
At any rate, these results have useful applications in the
field of reprogramming and regenerative biology.

TET?2 and the relevance of active demethylation in mye-
loid cells. TET2 is mutated in several myeloid malignan-
cies, suggesting a central role for TET2 in the control of
myeloid cell proliferation and differentiation®. Myeloid
cancers with mutant forms of TET2 display impaired
hydroxylation of 5meC", and this may be related to
the altered methylation that is observed in these cells;
however, it is difficult to establish a direct relationship

as hypermethylation is a hallmark of human cancers.
TET2-deficient mice have an enhanced repopulation
capacity that is linked to lower levels of 5hmC in HSCs,
demonstrating a role for TET2 in maintaining haema-
topoietic homeostasis®. Interestingly, knockdown of
TET2 in human CD34" progenitors skews their dif-
ferentiation toward the granulomonocytic lineage, at
the expense of the lymphoid and erythroid lineages®.
These results seem to contradict the C/EBPa-mediated
pre-B cell to macrophage transdifferentiation model, in
which TET2 was shown to have a key role in driving
differentiation towards the myeloid lineage. However,
these results may indicate cell-stage-dependent

NATURE REVIEWS [IMMUNOLOGY

VOLUME 15 [ JANUARY 2015 [ 11

© 2015 Macmillan Publishers Limited. All rights reserved




REVIEWS

‘M1’ or ‘classical’ activation
Lipopolysaccharide- or
interferon-y-mediated
stimulation of macrophages
leading to a pro-inflammatory
phenotype.

‘M2’ or ‘alternative’
activation
Interleukin-4-dependent
stimulation of macrophages that
leads to an anti-inflammatory
phenotype.

differences in TET2 dependency and reflect the com-
plexity of the DNA methylation events that are involved
in myeloid differentiation. TET2 could link environ-
mental conditions, including nutrient availability,
to developmental fate, as suggested by experiments
showing that the cellular metabolite 2-hydroxyglutarate
inhibits TET2 and affects the differentiation of haemato-
poietic and myeloid cells®. Deletion of Tet2 in the
haematopoietic compartment leads to the development
of a chronic myelomonocytic leukaemia-like disease
in young mice that is associated with the expansion
of myeloid progenitor populations and the activation of
myeloid and self-renewal programmes®. Mice in which
all haematopoietic cells, or specifically myeloid lineage
cells, are engineered to express a mutant form of the
metabolic enzyme isocitrate dehydrogenase 1 (IDHI)
show an accumulation of pluripotent progenitor
cells and lineage-restricted cell progenitors owing to
2-hydroxyglutarate-induced DNA hypermethylation,
with TET2 affecting proliferation and possibly differen-
tiation*. The participation of TET2 in haematopoiesis
is also evident in studies using TET2 knockdown,
in which cells show self-renewal and there is a bias
towards differentiation of monocytic lineage cells, with
diminished granulopoiesis'®.

It is likely that PU.1 is an important mediator of these
demethylation processes. In a related monocyte-derived
differentiation process, it has been demonstrated that
PU.1 binds TET2 and recruits it to the promoters of
genes that become demethylated®'. Interestingly, PU.1

Box 1 | Determinants of epigenetic regulation in macrophage polarization

Macrophages, together with dendritic cells, are responsible for phagocytosis, cytokine
production and antigen presentation. Macrophages display a high heterogeneity not
only because of their own intrinsic terminal differentiation pathways, but also in
response to environmental stimuli. On the basis of their phenotype, macrophages

are often classified into two distinct polarized phenotypes that are identified as

M1 macrophages and M2 macrophages. However, macrophages can undergo a
transition between different functional states, and the stability of these two phenotypes
and other phenotypic states is still unclear. M1 macrophages are associated with
pro-inflammatory responses, as they develop in response to pattern recognition
receptor activation and are able to secrete large amounts of pro-inflammatory cytokines,
such as tumour necrosis factor, as well as nitric oxide. By contrast, M2 macrophages
develop in response to type 2-associated immune mediators, such as interleukin-4 (IL-4)
and IL-13, and are implicated in responses to parasite infection, tissue remodelling,
angiogenesis and tumour progression. M2 macrophages are characterized by the
production of specific sets of enzymes, such as arginase 1. The environmental signals
that determine macrophage polarization activate stimulus-specific transcription factors,
such as signal transducer and activator of transcription (STAT) family members, interferon-
regulatory factors (IRFs) and nuclear factor-kB (NF-kxB) family members, thereby
inducing a transcriptional response that shapes the functional phenotype of the cell®.
ETS family transcription factors, such as PU.1, also have a primary role in macrophage
diversification. Some of these transcription factors recruit or associate with epigenetic
enzymes. A proper transcriptional response during macrophage polarization is
dependent on changes in the epigenome, including both DNA methylation and
chromatin modification changes. Several studies point towards the importance of

epigenetic regulation in macrophage polarization. For example, overexpression of DNA
methyltransferase 3B (DNMT3B) skews macrophages towards an M2 phenotype®. Other
examples indicate the importance of histone modifications in macrophage polarization.
For instance, the H3K27 demethylase Jumonji domain-containing 3 (JMJD3) is crucial
for M2 macrophage polarization but is dispensable for M1 macrophage polarization®’,
whereas the absence of HDAC3 biases macrophages towards an M2 phenotype®.

is also able to recruit DNMT3B to target the deposition
of de novo DNA methylation®, which strongly suggests
that PU.1 could act as a rheostat that regulates DNA
methylation changes in both directions to facilitate
and/or block gene expression. A recent report indi-
cates that many other myeloid transcription factors
can recruit DNMTs, and perhaps DNA demethylating
enzymes, which subsequently promote methylation
changes at specific CpG sites®.

Epigenetic remodelling in myeloid activation
A key feature of myeloid cells is their ability to rapidly
respond to intracellular and extracellular signals. It has
been suggested that the activation of macrophages, for
instance, may involve a complex array of stimulus- and
microenvironment-dependent expression programmes
that result in a spectrum of functional states that could
extend beyond the clearly defined, polarized pheno-
types resulting from‘M1’ or ‘classical’ activation and
‘M2’ or ‘alternative’ activation® (BOX 1). The importance
of epigenetic regulation in the context of myeloid cell
activation is exemplified by the effects of the loss of
HDACS3 in mouse macrophages, which renders them
hyperresponsive to interleukin-4 (IL-4) and skewed
towards an M2 phenotype, highlighting the relevance
of histone acetylation status for controlling the func-
tional responses of macrophages®. HDACS3 is required
for inflammatory M1 activation of certain lipopoly-
saccharide (LPS)-induced inflammatory genes, such
as 116 (which encodes IL-6), in mouse bone marrow-
derived macrophages®. HDAC3 is also required for the
expression of Ifnb (which encodes interferon-f (IFN))
in both resting and LPS-stimulated bone marrow-
derived macrophages®. In line with this, M2 activa-
tion of macrophages in vivo depends on the removal
of repressive marks at M2-activating genes, such as Irf4
(which encodes IFN-regulatory factor 4), by the histone
demethylase Jumonji domain-containing 3 (JMJD3)%%¢".
The interplay between the epigenetic changes that
occur at promoters located close to transcriptional start
sites and those that occur at enhancers located at distant
intergenic and intragenic regions ensures that responses
are cell-type-specific and stimulus-specific. Compared
with promoters, the epigenetic hallmark of regulatory
distal regions is the presence of higher levels of H3K4mel
and H3K4me?2, and lower levels of H3K4me3 (REF. 68).
In contrast to M2-like macrophage activation, LPS-
mediated M1-like activation of macrophages has been
widely studied in order to dissect the molecular basis of
macrophage activation. Of note, in the absence of Toll-
like receptor (TLR) signalling, inflammatory gene loci
are occupied by repressors such as B cell lymphoma 6
(BCL-6)%, and HDACs and histone demethylases are
recruited”. Chromatin immunoprecipitation followed
by sequencing (ChIP-seq) analysis has revealed that the
histone acetyltransferase p300 (also known as EP300)
binds to enhancers of genes that are activated upon LPS
stimulation”!. Consistent with this, these enhancers are
enriched in binding sites for inflammatory type tran-
scription factors, such as nuclear factor-kB (NF-kB), IRFs
and activator protein 1, in addition to the constitutively
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Enhancer RNAs

(eRNAs). A class of relatively
short non-coding RNA
molecules (50-2000
nucleotides in length) that are
transcribed from the DNA

sequence of enhancer regions.

bound lineage-determining transcription factor PU.1.
Notably, this combination of binding sites provides cell
specificity as well as signal specificity to responsive tar-
get genes’". In addition to the recruitment of epigenetic
modifiers to pre-existing enhancers, the engagement of
TLR4 by LPS promotes chromatin modification changes,
with the establishment of de novo enhancers due to H3K4
methylation by the histone methyltransferases MLL1
(also known as KMT2A), MLL3 (also known as KMT2C)
and MLL4 (also known as KMT2B and KMT2D), and
the collaboration of transcription factors such as NF-kB
and PU.1 (REF. 72). In addition, the K4 methyltransferase
MLLA4 is required for the expression of subunit P of phos-
phatidylinositol N-acetylglucosaminyltransferase, the
enzyme that catalyses the first step of glycosylphosphati-
dylinositol (GPI) anchor synthesis, which is necessary
for the expression of the LPS co-receptor CD14 (REF. 73).
Interestingly enough, transcription of enhancer RNAs
(eRNAs) precedes the appearance of H3K4mel and
H3K4me2 marks™. Notably, the transcription and activ-
ity of eRNAs is repressed in a cell-type-specific manner
in macrophages by the nuclear receptors REV-ERBa
(also known as NR1D1) and REV-ERB (also known as
NR1D2), which provide a mechanism for repression or
negative regulation™.

Epigenetics in host defence and inflammation
The innate defensive responses that are mediated by
myeloid cells are powerful and potentially harmful
if misplaced in time or space. Therefore, the ability to
respond readily must be balanced with the capacity to do
so only when needed. Two main strategies of host defence
against pathogens — namely, resistance and tolerance —
help to achieve effective host protection. Resistance
reduces the pathogen burden, whereas tolerance ensures
the minimal possible tissue damage that is compatible
with defensive action”’¢. Although immune memory
has classically been considered as an exclusive trait of
the adaptive immune system, a paradigm shift is reveal-
ing the existence of memory-type behaviour in innate
immune cells. The phenomena of trained immunity and
endotoxin tolerance are examples of such innate-type
memory (FIG. 3a). The decision to respond with enhanced
(trained) or decreased (tolerance) cytokine production
depends on the type and concentration of ligand that
monocytes encounter. Upon priming with Candida albi-
cans or fungal cell wall f-glucans, monocytes respond
with increased cytokine production upon restimulation.
By contrast, the prestimulation of monocytes with endo-
toxins, such as LPS, induces tolerance. Notably, chroma-
tin structure and epigenetic modifications are crucial for
such processes to occur and to be sustained”.

Epigenetics in trained immunity. The term trained
immunity has been used to refer to nonspecific memory-
type responses that are seen in the innate immune
system, in which the priming of monocytes or macro-
phages by an initial challenge (such as an infection or
vaccine) results in their enhanced responsiveness to
a secondary challenge’”® (FIC. 3a). We still know little
about the mechanisms mediating trained immunity
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in vertebrates. Recent studies have described a new
class of enhancers, termed latent enhancers, that are
inactive and unmarked in the basal state, but undergo
H3K4 methylation and H3K27 acetylation during the
first encounter with a stimulus. When the stimulus has
ceased, transcription is terminated, and H3K27 acetyl-
ation and H3K4me3 disappear, whereas H3K4mel
persists at the latent enhancers for at least 24 hours and
constitutes the basis for a faster and enhanced response
after restimulation” (FIC. 3b).

Monocyte training with B-glucans is associated with
stable changes in H3K4me3 at the promoters of impor-
tant genes, such as those encoding the pro-inflammatory
cytokines tumour necrosis factor (TNF), IL-6 and IL-18
(REF. 80); however, no changes have been observed in
H3K27me3. More recently, it has been demonstrated
that B-glucan-mediated macrophage training results in
a gain in de novo H3K27 acetylation in 17% of dynamic
promoters and 40% of enhancers®. Finally, experiments
in which monocytes were trained with C. albicans-
derived B-glucan showed that both histone methylation
and acetylation patterns define a metabolic gene signa-
ture that underlies the metabolic switch required for
monocyte activation and training®.

Epigenetics in endotoxin tolerance. In contrast to trained
immunity, endotoxin tolerance is a form of innate
memory in which the initial stimulation of monocytes
or macrophages with the TLR4 ligand LPS causes these
cells to enter a long-term refractory state, such that they
do not mount a pro-inflammatory response to subse-
quent TLR4 stimulation (FIC. 3a). Understanding the
mechanisms behind this response is relevant for extreme
inflammatory conditions, such as sepsis. For example,
when myeloid blood cells from patients with sepsis enter
a suppressed state (also known as compensatory anti-
inflammatory response syndrome) as a result of endo-
toxin tolerance, there is a high risk of life-threatening
infection®. The restimulation of tolerant macrophages
with LPS produces two main types of gene-expression
programmes; one set of ‘tolerized’ genes show diminished
or abolished expression, whereas the expression of a sec-
ond group of ‘non-tolerized’ genes is increased or remains
unchanged. The transcription-activating H3K4me3 mark
is imprinted on the promoters of both tolerized and non-
tolerized genes, but H3K4me3 methylation is only main-
tained on the promoters of the non-tolerized genes®; the
tolerized genes, including those encoding inflammatory
cytokines, remain devoid of this mark (FIC. 3b).

The contribution of DNA methylation changes
to innate memory processes has been less explored,
given the presumed stability of this type of modifica-
tion. Therefore, 5meC deposition or removal has been
considered to be unlikely to support the rapid changes
required for immune responses. However, the recent
description of transitions from stable 5meC into more
labile oxidized intermediates — such as 5hmC, 5fC and
5caC — could provide a suitable mechanism to sup-
port rapid response genes. Given that monocytes are
already considered to have undergone a terminal dif-
ferentiation step, DNA demethylation could be related
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Figure 3 | Epigenetic regulation of memory-like activity in monocytes and
macrophages. a | The biological phenomena of endotoxin tolerance and
trained immunity are depicted in the graph. Stimulation of monocytes
and/or macrophages via pattern recognition receptors (PRRs), such as
Toll-like receptor 4 (TLR4) or dectin 1 (also known as CLEC7A), leads to
increased expression of pro-inflammatory genes. Decreased or increased
responsiveness of these cells to subsequent PRR stimulation may then occur,
depending on the initial type of stimulus that the cell received. TLR4
stimulation with lipopolysaccharide (LPS) can induce a state of endotoxin
tolerance (represented by the red line and red macrophages), whereas the
stimulation of dectin 1 with B-glucan from Candida albicans leads to a state
of trained immunity (represented by the blue line and blue macrophages). The
red line indicates tolerized genes that remain refractory to a second stimulus
and the blue line represents trained genes that show enhanced expression in
response to subsequent stimulation. b | The epigenetic changes underlying
endotoxin tolerance and trained immunity are depicted (methylation is
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represented by orange ovals and acetylation by purple ovals). Initial PRR
stimulation leads to trimethylation of histone H3K4 (H3K4me3) and global
acetylation of histones H4 on promoters of pro-inflammatory genes. In the
case of endotoxin tolerance (red boxes), the removal of the stimulus results in
the loss of activating marks and gene expression returns to basal levels.
Following a second encounter with the stimulus, some of these genes (that is,
tolerized genes) will not regain the H3K4me3 mark or acetylation, and will
remain silent and refractory to stimulation. By contrast, non-tolerized genes
will conserve H3K4me3 and be expressed to the same level or to a greater
extent (not shown in the figure). In the case of trained immunity (blue boxes),
pro-inflammatory genes will retain enhancers marked with monomethylation
of histone H3K4. A second stimulus will induce transcription factors to bind
to both the enhancers and the promoters of these genes, and will facilitate
the recruitment of chromatin modifiers such as the histone acetyltransferase
p300, thereby promoting an increased in H3K4me3 and enhancing the
expression of trained genes.
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to the preparation for a set of possible responses to a
variety of stimuli rather than to the establishment of
a closed identity per se. The high levels of TET2 in mye-
loid cells and, as a result, their ability to demethylate
DNA suggest that such a regulatory mechanism con-
fers a functional plasticity that depends on the stimuli
more than on the cell history. The maintenance of a
memory-like phenotype in immune cells is most likely
to be induced by reprogramming the transcriptional
profile of the cells through epigenetic changes, as hap-
pens with the TLR-induced chromatin modifications
underlying endotoxin-induced tolerance. As previously
mentioned, DNMT3B affects the control of the inflam-
matory response of macrophages®, which is compatible
with the idea of activation beyond dual polarization (for
instance, M1-like and M2-like states for macrophages, or
tolerogenic and activating phenotypes for dendritic cells)
into a more complex variety of expression programmes
than clearly defined, polarized and fixed phenotypes®.
However, the contribution of DNA methylation to these
processes remains to be investigated.

Myeloid cell epigenetics and disease

As discussed above, TET2 is mutated in several mye-
loid malignancies. Defects in other epigenetic regula-
tors have also been associated with the development of
myeloproliferative disorders such as myelodysplastic
syndrome, which is the most common form of acute
myeloid leukaemia. These disorders develop as a result
of altered myelopoiesis, which leads to the uncontrolled
expansion of progenitor cell populations and blockage
of further cell differentiation. The recurrence of genetic
alterations in epigenetic enzymes in acute myeloid
leukaemia highlights their relevance to myeloid dif-
ferentiation. Other examples of genetic susceptibility
factors in myeloid malignancies include DNMT3A,
IDH]I and IDH2 (as reviewed in REF. 87). Remarkably,
azanucleosides — such as 5-azacytidine and decitabine —
constitute the core therapy in the management of
myelodysplastic syndrome®, presumably owing
to their ability to induce demethylation. In addition to
epigenetic-based therapies, the presence of mutations
of DNA methylation modifiers, such as DNMT3A, may
constitute useful biomarkers for predicting the success
of classical cytotoxic treatments®. Regarding muta-
tions in chromatin-modifying enzymes, it has been
shown that loss-of-function mutations in EZH2 and
ASXL] are present in a variety of myeloid malignancies,
including myelodysplastic syndrome®’.

Defective epigenetic regulation of terminally differ-
entiated myeloid cells may also contribute to disease.
For example, silencing of the H3K4 methyltransferase
ASH1-like (AshIl) in innate immune cells in mice leads
to increased susceptibility to endotoxin shock and sepsis,
and the development of autoimmune disease®. Another
example of inflammatory disease is atherosclerosis, where
macrophages are part of atherosclerotic plaques and are
key players in disease progression®. It has been shown
that HDAC3 is upregulated in human atherosclerosis
and that deletion of Hdac3 in mouse macrophages
promotes a transforming growth factor-B-mediated
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anti-inflammatory phenotype and a better disease out-
come®”. HDAC9 also shapes the macrophage pheno-
type and represses alternative activation programmes
in these cells, thereby promoting the development of
atherogenic lesions. The deletion of Hdac9 results in
the downregulation of pro-inflammatory gene expres-
sion and promotes an anti-inflammatory macrophage
phenotype, resulting in an overall amelioration of
atherosclerosis in a mouse model®.

Together, these results suggest that manipulation of
the chromatin landscape and the use of HDAC inhibitors
could provide complementary therapeutic approaches.
In line with this, an inhibitor of the H3K27me3 demeth-
ylase JMJD3 has been shown to reduce LPS-induced
cytokine production in human macrophages®. This
opens up the possibility of using such inhibitors for the
treatment of inflammatory diseases in humans.

Conclusions

The differentiation and functional specialization
of myeloid cells must be tightly regulated to ensure
that these cells execute their proper function. The
acquisition of a unique cell identity (for example, a
monocyte, macrophage or dendritic cell) during the dif-
ferentiation from myeloid precursors is coordinated and
controlled by several regulatory elements that shape gene-
expression programmes, including transcription factors,
epigenetic regulators and post-transcriptional mecha-
nisms. Epigenetic regulation that is based on histone
modifications and DNA methylation provides stable,
yet reversible, marks that bestow flexibility on the pro-
cess. In this Review, we have discussed the relevance of
epigenetic changes to myeloid differentiation. The high
expression of TET2 (which is crucial for active demeth-
ylation of DNA) and its demonstrated role as a key deter-
minant of myeloid cell identity highlight the importance
of the dynamics of DNA methylation changes in these
cells. Active deposition or removal of methyl groups
establishes a dynamic crosstalk with transcription fac-
tors, such as PU.1, which is involved in targeting DNMTs
and TET2 to specific genomic sites. Upon differentiation,
innate immune cell function is coordinated by regula-
tion of the chromatin modification landscape in the con-
text of enhancers, promoters and rapid response genes.
This is particularly true for inflammatory macrophage
responses, in which the recruitment of stimulus-specific
transcription factors is coordinated by PU.1-driven
chromatin remodelling and the marking of specific
DNA sites. Epigenetic control mechanisms may have a
role in providing a flexible mechanism for the stable pre-
activation of cells that ensures myeloid cells mount the
correct level of response under inflammatory conditions.
Given that epigenetic regulation is both reversible and
highly dynamic, developing an understanding the molec-
ular details is of great interest from a therapeutic point
of view, as it would allow the development of drugs that
target specific epigenetic modifications. In addition, the
identification of epigenetic alterations in innate immune
cells that could be used as biomarkers of disease or pre-
dictors of treatment success could lead to a novel era of
personalized medicine.
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DNA methylation-mediated regulation drives and stabilizes transcription
states throughout development. In myeloid differentiation, DNA methyla-
tion changes occur predominantly in the direction towards hypomethyla-
tion. Also, in vitro differentiation of monocytes to dendritic cells and
macrophages is characterized by DNA demethylation. In this study, we
identified the existence of methylation changes in the direction of hyperme-
thylation among genes that become repressed during monocyte-to-dendritic
cell differentiation. We identified the acquisition of DNA methylation in
genes such as CSF3R, FYN, and CX3CRI, but not in others, such as
CD14. Analysis of the dynamics of methylation and expression changes of
these genes revealed that loss of expression was rapid and was associated
with the loss of H3K4me3 and H3K36me3, whereas gains of DNA methyl-
ation were progressive and partially concomitant with increases in
H3K9me3 and H3K27me3. Inhibition of DNA methyltransferases, with
the DNA replication-independent drug nanaomycin A, revealed that there
were no effects on expression and H3K4me3 changes, despite the partial
impairment of DNA methylation and H3K27me3 acquisition. However,
cells treated with the DNA methyltransferase inhibitor showed lower levels
of dendritic cell surface markers, suggesting a potential effect on the stabil-
ity of the differentiated phenotype. Our data give rise to a novel perspec-
tive on the functional relevance and mechanisms of the acquisition of
DNA methylation in myeloid cell differentiation.

Introduction

DNA methylation is a major epigenetic mechanism
involved in determining and stabilising cell-fate deci-
sions. Differentiation changes during haematopoiesis
are directional; cells become less methylated as differ-
entiation progresses in the myeloid branch [1-4], and
this is accompanied by the upregulation of lineage-spe-
cific genes. Comparison of progenitors and cells at the
various stages of differentiation in the lymphoid and

Abbreviations

myeloid branches has confirmed this hypomethylation
trend in the latter, in contrast to the changes observed
in lymphoid differentiation. Demethylation also char-
acterizes myeloid cell terminal differentiation processes
that lead to functional mature cell types. The findings
obtained with in vitro models that recapitulate termi-
nal differentiation in the myeloid lineage are consistent
with the findings obtained from comparing cells

bazadC, 5-aza-2'-deoxycytidine; BrdU, bromodeoxyuridine; ChIP, chromatin immunoprecipitation; DC, dendritic cell; DNMT, DNA
methyltransferase; FACS, fluorescence-activated cell sorting; GM-CSF, granulocyte-macrophage colony-stimulating factor; iDC, immature
dendritic cell; IL, interleukin; iIMAC, immature macrophage; LPS, lipopolysaccharide; MAC, macrophage; MO, monocytes; PBMC, peripheral

blood mononuclear cell; TSS, transcription start site.
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isolated at different stages of differentiation. For
instance, monocyte (MO)-to-dendritic cell (DC) and
MO-to-macrophage (MAC) differentiation are also
accompanied by DNA demethylation [5,6], although
other MO-related differentiation models, such as MO-
to-osteoclast differentiation, show acquisition of DNA
methylation to a similar extent as demethylation events
[7]. However, this latter differentiation process might
be an exception, given that it is accompanied by mas-
sive cellular fusion and generation of polykaryons, in
which the genetic material is redundant and high levels
of repression are required. The restricted occurrence of
hypermethylation events in myeloid differentiation
processes raises questions about the functional rele-
vance and mechanisms involved in silencing inappro-
priate genes during lineage commitment. In fact,
examining the dynamics of DNA methylation changes
in both directions reveals that the timing is different
for DNA demethylation and gene activation than for
acquisition of DNA methylation and gene silencing
[7].

The establishment of de novo DNA methylation has
been well studied in oocytes and during development
[8,9], and also in the context of cancer, where many
CpG islands become hypermethylated [10]. Findings in
recent years have revealed that DNA hypermethylation
in cancer is mainly driven by instructive mechanisms
[11]. On the other hand, hypermethylation in cancer
cells constitutes a mechanism leading to the inappro-
priate silencing of genes, particularly when it involves
cell cycle or tumour suppressor genes. This has given
rise to an interest in the generation of drugs that can
reverse aberrant hypermethylation.

As this process is rather limited in the context of
differentiation, e.g. in myeloid cells, where DNA
demethylation seems to predominate, little is known
about the roles and mechanisms associated with genes
that become hypermethylated. We do not know
whether hypermethylation occurs mainly in a passive
manner. Also, we do not fully understand why certain
genes that are repressed become hypermethylated,
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whereas others do not. It is likely that acquisition of
DNA methylation during differentiation occurs
through instructive mechanisms as well.

Here, we investigated the dynamics of the setting of
DNA methylation during MO-to-DC and MO-to-
MAC differentiation, and its potential functional rele-
vance to these differentiation processes. To this end,
we chose several genes that are repressed when MOs
differentiate to DCs and MACs. We identified changes
towards hypermethylation in a few CpG sites near the
transcription start sites (TSSs) of genes such as the
granulocyte-specific gene CSF3R and the kinase gene
FYN. In contrast, CDI4, which is also repressed dur-
ing these two differentiation processes, showed no
changes in DNA methylation. These changes occurred
after a decrease in histone H3K4me3 and H3K36me3,
but were coincident with the increase in repressive
markers such as H3K9me3 and H3K27me3. Inhibition
of DNA methyltransferases (DNMTs) with nanaomy-
cin A, a replication-independent specific inhibitor of
DNMT3b, did not alter the repression of these genes,
even though the acquisition of hypermethylation was
partially abolished. Flow cytometry analyses indicated
that such decreases in the acquisition of DNA methyl-
ation affected the expression levels of DC-characteris-
tic surface markers, suggesting a potential role in
establishing the phenotype of these cells. Our results
indicate that acquisition of DNA methylation has little
effect on the direct expression changes of hypermethy-
lated genes, although a general role in stabilising the
differentiated phenotype cannot be discounted.

Results

Acquisition of DNA methylation in genes that are
repressed during the MO-derived differentiation
processes

DNA methylation changes in MO-to-MAC and MO-
to-DC differentiation mainly occur in the direction of
demethylation [5,6]. This is consistent with the results

Fig. 1. Identification of DNA methylation changes in candidate genes during MO-to-DC and MO-to-MAC differentiation. (A) Depiction of the
differentiation system. MOs from peripheral blood were exposed to either G-MSF or GM-CSF + IL-4 to generate iIMACs or iDCs, respectively.
Maturation of these two cell types to give mature MACs (MMACSs) and mature DCs (mDCs) was achieved following incubation with LPS. (B)
Flow cytometry analysis of cell types to test changes in surface markers, including CD14, CD209 (specific to DCs), and CD83 (specific to
mDCs). MFI, median fluorescence intensity. (C) Real-time quantitative PCR analysis of selected gene markers and their levels in MOs, iDCs,
mDCs, iIMACs and mMMACs. (D) BrdU assay showing the percentages of replicating cells at different times during MO-to-DC and MO-to-MAC
differentiation. From day 1 to day 3, only ~ 10% of cells divided. Ctrl, control. (E) Schematic representation of the six genes analysed in this
study. The analysed CpG sites (vertical black line), the TSS (arrow) and the location of primers for ChIP (blue), expression (red, real-time
guantitative PCR) and methylation (green, bisulfite pyrosequencing) analysis are indicated. Exons are marked as boxes, but look like lines
(given the length of the genes) in all cases except for CD 74, which is shorter. (F) Real-time quantitative PCR analysis of selected genes that
become repressed during differentiation. (G) Bisulfite pyrosequencing data showing the DNA methylation changes.
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obtained from comparing the DNA methylation pro-
files of isolated cells at different stages of myeloid dif-
ferentiation, in which demethylation occurs as
differentiation progresses. The above-referenced analy-

Dispensable acquisition of DNA methylation

ses on MO-to-MAC and MO-to-DC differentiation
were performed with a low-resolution method [5] or an
array-based method [6], which, although having a cov-
erage of 99% of RefSeq genes, allows the analysis of
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~ 480 000 of the 28 million CpG sites (~ 1.5%) of the
human methylome. This means that, despite the over-
all prevalence of DNA demethylation events, the
acquisition of DNA methylation at individual CpG
sites in these differentiation processes might have been
underestimated. To investigate the potential acquisi-
tion of DNA methylation at CpGs in genes that are
repressed during these processes, we focused on a
selection of genes. To this end, we first derived MACs
and DCs from MOs by stimulating peripheral blood
monocytes with granulocyte-MAC colony-stimulating
factor (GM-CSF) and GM-CSF + interleukin (IL)-4,
respectively. We also stimulated immature MACs
(iMACs) and immature DCs (iDCs) with lipopolysac-
charide (LPS) to generate their mature counterparts
(Fig. 1A). These cells showed the expected changes in
surface markers such as CDI14, the level of which
decreased during differentiation towards DCs, whereas
the decrease in CD14 level in MACs was less marked
(Fig. 1B). On the other hand, the level of CD209
increased in DCs, but not in MACs, as expected.
Finally, the level of the mature DC surface marker
CDS83 increased only DCs after exposure to LPS, but
not in MACs (Fig. 1B), as revealed by fluorescence-
activated cell sorting (FACS) analysis. We also used
quantitative RT-PCR to determine the mRNA levels
of these and specific markers of DCs and MACs
(Fig. 1C). These included not only CD209 and CDS3,
but also CD206 (common to DCs and MACs), CD86
(characteristic of mature DCs and MACs), LAIRI
(specific to MACs), and CXCLI3 (specific to mature
MACs) (Fig. 1C). We then tested the occurrence of
cell division during these two differentiation processes.
We measured the levels of cell proliferation by incu-
bating cells with bromodeoxyuridine (BrdU). Fewer
than 10% were found to be BrdU-positive between 1
and 5 days, confirming the low replication rate of
these cells (Fig. 1D). This supports the notion that any
DNA methylation changes observed in this period are
independent of DNA replication.

We next investigated changes in the DNA methyl-
ation status of selected CpG sites around the TSSs
of selected genes during MO-to-DC and MO-to-
MAC differentiation. To this end, we chose genes
that are known to become totally or partially
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silenced during these differentiation processes. Genes
in this selection included the granulocyte-specific
gene CSF3R, which codes for a cytokine that con-
trols the production, differentiation and function of
granulocytes, and CX3CRI, another MO-specific
gene. We also included CDI4, which codes for the
membrane receptor, and is downregulated in DCs
and, to a lesser extent, in MAGCs. Previous DNA
methylation studies had reported no changes for this
gene. Other genes included NLRP3, which codes for
a member of the Nod-like receptor family that is
involved in recognising the molecular patterns
expressed by invading pathogens, and FYN, a gene
encoding a member of the src-family tyrosine kinas-
es. Finally, we looked at PRKCE, on the basis of
our own expression array data (unpublished results
by Vento-Tormo and colleagues). A schematic repre-
sentation of these genes and the locations of primers
for the expression and DNA methylation analysis is
shown in Fig. 1E. We performed real-time quantita-
tive PCR and compared the expression levels of all
the aforementioned genes between peripheral blood
MOs and derived iDCs and iMACs (Fig. 1F). In all
of these comparisons, we found lower levels of
expression in the differentiated cells than in the orig-
inating MOs.

To test the potential increase in the DNA methyla-
tion levels in these genes between MOs and DCs, we
first performed bisulfite pyrosequencing of CpG sites
located near the TSSs for all of the genes. Our analysis
revealed significantly higher methylation levels in DCs
for CSF3R, FYN, NLRP3 and PRKCE, although no
differences were observed for CDI4 (Fig. 1G).
Changes were relatively small, and genes such as
CSF3R experienced an increase in methylation from
20% in MOs to 40% in DCs. However, these changes
were reproducible in different experiments. The expres-
sion data for these genes in MOs and DCs confirmed
an inverse relationship in all cases.

We found changes in almost all cases in the transi-
tion from MOs to iDCs and iMACs, with no further
increase in the transition to their mature counterparts
following exposure to LPS. In all cases, except for
FYN, DNA methylation was acquired during differen-
tiation to both DCs and MACs. For this reason, we

Fig. 2. Dynamics of DNA methylation, expression and histone modification changes for CSF3R, FYN and CD14 during MO-to-DC
differentiation. (A) Depiction of the structure of CSF3R, FYN and CD14 including the TSS (arrow), the exons (black boxes). (B) Real-time
quantitative PCR analysis of the genes during MO-to-DC differentiation. Values are relative to RPL38 levels. (C) Bisulfite pyrosequencing
data over time showing the acquisition of DNA methylation changes during differentiation. (D) Changes in H3K36me3, H3K4me3,
H3K9me3 and H3K27me3. Relative enrichment is the fraction of the input immunoprecipitated for each antibody. Data for each antibody

are accompanied by IgG as a negative control.
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focused on the MO-to-iDC conversion in the subse-
quent experiments.

Silencing and loss of activating histone
modifications precede hypermethylation during
MO-to-DC differentiation

We observed acquisition of DNA methylation in vari-
ous genes that become repressed during differentiation
from MOs. Experiments in a related model of MO-to-
osteoclast differentiation had revealed that genes that
become hypermethylated are silenced before acquiring
DNA methylation [7], indicating that expression
changes are driven by other mechanisms. In this con-
text, DNA methylation changes in such genes would
be more likely to play a stabilising role than be a driv-
ing mechanism. This contrasts with the concomitant
demethylation associated with activation that was
observed in the same differentiation model [7]. We
explored the dynamics of expression and DNA methyl-
ation changes through differentiation to DCs by focus-
ing on three of the above genes: CSF3R and FYN, in
which DNA methylation increases, and CDI4, in
which it does not. CSF3R and FYN were chosen
because they were among those showing the greatest
changes, and also because of their physiological rele-
vance in the context of DC-to-MAC differentiation.
We found that CSF3R and FYN showed a sharp
decrease in expression during the first 6 h following
the addition of GM-CSF and IL-4 (Fig. 2B), whereas
DNA methylation increased more gradually and was
delayed with respect to silencing (Fig. 2C).

Our results suggest that expression changes, which
occur earlier than DNA methylation changes, are asso-
ciated with other regulatory mechanisms, perhaps
those related to transcription factor binding, and pos-
sibly with specific histone modifications. Changes in
DNA methylation could also be associated with the
subsequent acquisition of other histone modifications.
This prompted us to perform chromatin immunopre-
cipitation (ChIP) experiments with four histone modifi-
cations, including H3K4me3 and H3K36me3, which
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are characteristic of active transcription at the TSS
and downstream of the TSS, respectively, and
H3K9me3 and H3K27me3, which are generally associ-
ated with repression. We observed that H3K4me3 and
H3K36me3 decreased early on, whereas changes in
H3K9me3 and H3K27me3 coincided in time with the
increase in DNA methylation (Fig. 2D). Remarkably,
the transient re-expression of FYN at intermediate
time points during DC differentiation was also
reflected by the histone modifications, with an increase
in H3K4me3 and a decrease in H3K27me3 (see the
central panel in Fig. 2). In general, histone modifica-
tion changes occurred in the proximity of the TSS and
were less apparent when the region from -500 to
+500 bp relative to the TSS was analysed (not shown).
Interestingly, we observed that changes in these his-
tone modifications occurred in the three studied genes,
CSF3R, FYN, and CDI4, regardless of the acquisition
of DNA methylation, indicating that DNA methyla-
tion may not be functionally relevant in the silencing
of these genes.

Functional relevance of DNA methylation
changes during MO-to-DC differentiation

To test the functional relevance of DNA methylation
in MO-to-DC differentiation, we investigated the
potential effects of inhibiting DNMTs throughout
the process. We used two DNMT inhibitors, 5-aza-
2'-deoxycytidine (5azadC) and nanaomycin A. Saza-
dC induces DNA demethylation in a replication-cou-
pled manner, and therefore should have a limited
effect in this model, given that ~ 10% of the cells
divide during differentiation. Nanaomycin A directly
inhibits DNMT3b activity [12,13]. We used two dif-
ferent concentrations for both inhibitors: 50 and
500 nm for SazadC, and 100 nm and 500 nm for
nanaomycin A. In the case of 5azadC, we used these
concentrations to minimize unwanted secondary
effects, including cell death of primary MOs, which
we had tested in pilot studies. These concentrations
are slightly lower than the standard ones used for

Fig. 3. Effects of the DNMT inhibitors 5azadC and nanaomycin A on DNA methylation, expression and histone modification changes
during MO-to-DC differentiation. (A) Effects of two concentrations of 5azadC (50 and 500 nm) and nanaomycin A (100 and 500 nwm) on the
acquisition of DNA methylation changes in CSF3R and FYN over time with respect to untreated control cells. (B) Effects of 5azadC and
nanaomycin A (conditions as above) on the expression changes for the same genes as above. (C) Effects of bazadC and nanaomycin A
(conditions as above) on the changes in H3K4me3 (red bars) and H3K27me3 (blue bars). (D) Effects of bazadC and nanaomycin A on the
levels of the surface markers CD209 (specific to DCs) and CD83 [specific to mature DCs (mDCs)]. The viabilities of cells in the presence
of these concentrations of drugs are also shown. (E) Real-time quantitative PCR analysis of the selected DC surface markers CD209,
CD206 and CD83 during DC differentiation. The effects of two concentrations of DNMT inhibitors, i.e. nanaomycin A (100 and 500 nm) and
bazadC (50 and 500 nwm), are compared with those on control cells, in the absence of these inhibitors. Ctrl, control.
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cancer cell lines. We then investigated the ability of
these drugs to inhibit the acquisition of DNA meth-
ylation by the aforementioned genes, and the ability
of these genes to become silenced during differentia-
tion. In addition, we investigated whether these com-
pounds caused changes in surface markers that can
be tested by FACS, but found no effects on cell via-
bility over the entire differentiation time frame at
the concentrations used.

Analysis of the DNA methylation changes during
differentiation with pyrosequencing revealed that both
SazadC and nanaomycin A affected the ability of
genes such as CSF3R and FYN to become hyperme-
thylated (Fig. 3A). The results were more evident for
CSF3R, where the acquisition of methylation was
reduced by half, than for FYN, which also has a more
complex pattern of expression and histone modifica-
tions over time. We observed that 5azadC had a mod-
erate effect on the acquisition of DNA methylation,
which is likely to be related to the low division rate of
these cells, as cell division is essential for the effect of
this drug.

We then tested the effects of these drugs on the
expression levels of CSF3R and FYN. We found
that neither 5azadC nor nanaomycin A influenced
the loss of expression or the dynamics of this, rein-
forcing the notion that expression changes of these
genes occur before the acquisition of DNA methyla-
tion, and that inhibition of DNMTs does not affect
their ability to be silenced (Fig. 3B). We also com-
pared the expression levels of DNMT3Db in cells trea-
ted with nanaomycin A and untreated cells by using
real-time quantitative PCR, and found no differences
(not shown). This is consistent with the findings of
others that specific inhibition by nanaomycin A does
not involve changes in the levels of DNMT3b [12].

We also investigated the Ilevels of H3K4me3,
H3K36me3, H3K9me3 and H3K27me3 in the genes
in MOs and iDCs and mDCs in the absence or
presence of these DNMT inhibitors. Whereas we did
not find differences in the pattern of H3K4me3 for
CSF3R, and only moderate differences for FYN,
with respect to control cells, we observed that the
acquisition of H3K27me3 was significantly impaired
(Fig. 3C); this may be associated with the existing
links between this histone modification and DNA
methylation [14], which is affected by treatment with
these DNMT inhibitors. For H3K36me3 and
H3K9me3, as for H3K4me3, we did not see any dif-
ferences in cells treated with demethylating agents
(not shown).

We then investigated whether the two compounds
influenced the ability of cells to differentiate by study-

R. Vento-Tormo et al.

ing the surface markers CD209, which is characteristic
of DCs, and CD83, which is characteristic of mature
DCs. We observed that, although the numbers of
viable cells were similar in 5azadC-treated and nanao-
mycin A-treated cells, the levels of CD209 were signifi-
cantly lower in those treated with nanaomycin A
(Fig. 3D), indicating that inhibition of DNMT3B
affects the stability of the differentiated phenotype of
these cells. In parallel, we used real-time quantitative
PCR to analyse these two markers and CD206, as an
additional iDC marker. We found that both CD209
and CD206 levels were decreased in both 5azadC-trea-
ted and nanaomycin A-treated cells, although, again,
nanaomycin A had a greater effect than SazadC
(Fig. 3E).

Discussion

Our results provide evidence for the de novo acquisi-
tion of DNA methylation in certain genes that become
repressed during MO-to-MAC and MO-to-DC differ-
entiation. These changes occur progressively, and are
delayed with respect to the loss of expression of such
genes. The changes in expression appear to be more
closely correlated with the loss of active histone modi-
fications such as H3K4me3 and H3K36me3, and are
perhaps associated with the direct control of specific
transcriptional repressors. On the other hand, gains of
DNA methylation are associated with the acquisition
of repressive markers such as H3K27me3 and
H3K9me3. We assessed the functional relevance of
these DNA methylation changes in the genes consid-
ered here by using two DNMT inhibitors. The results
suggest that partial impairment of DNA methylation
acquisition does not alter the ability of these genes to
become repressed. However, we did note an effect of
DNMT inhibition on the phenotype of the DCs, which
suggests that it has a role in stabilizing the differenti-
ated phenotype.

There is compelling evidence that differentiation in
the myeloid lineage is associated with changes in DNA
methylation biased towards demethylation [2,3]. This
is compatible with the observation that postmitotic ter-
minal differentiation from MOs to DCs and MACs is
accompanied by demethylation [5,6]. These analyses
were performed by combining methyl-CpG immuno-
precipitation with hybridization on promoter micro-
arrays or by using 450K arrays. These are robust
methods, but are insufficient for full coverage of indi-
vidual CpG sites. Despite the predominance of
changes in the direction of demethylation, it seems to
us that acquisition of DNA methylation at specific
CpG sites could have been underestimated. Our analy-
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sis has shown that certain CpG sites near the TSSs of
genes that become repressed undergo acquisition of
DNA methylation. In principle, this is consistent with
a repressive role.

Comparison of the dynamics of expression and
DNA methylation changes in another MO-related dif-
ferentiation model [7] revealed that demethylation and
increased mRNA levels occur concomitantly, suggest-
ing a causal relationship between the loss of DNA
methylation and gene activation. However, analysis of
this relationship in genes that become repressed and
have their DNA methylation levels increased led to
different conclusions [7]. In fact, gene silencing occurs
before the acquisition of DNA methylation. This also
occurs in MO-to-DC differentiation, where repression
of certain genes also precedes their hypermethylation.
These findings imply that the roles of demethylation
and acquisition of DNA methylation are somewhat
different, at least in these myeloid-related differentia-
tion processes, and are just not antagonistic mecha-
nisms. Cells in the myeloid lineage, in particular MOs,
express high levels of Tet2 [15,16], a member of the
TET family of methylcytosine dioxygenases, which
generates intermediates in the route towards DNA
demethylation. In fact, myeloid cells constitute an
excellent system in which active DNA demethylation
appears to play a key role in activating specific genes.
In contrast, the delay in the changes to the acquisition
of DNA methylation for those genes that become
repressed suggests a different role. In fact, DNA meth-
ylation in these genes might be passively acquired, and
might only play a role in stabilizing gene repression,
rather than being a primary driver of expression
changes.

The final experiment in our study, which tested the
functional effects of two DNMT inhibitors, addressed
the functional relevance of the acquisition of DNA
methylation by these genes. Our results provide evi-
dence that DNA methylation changes in genes such as
CSF3R and FYN are not necessary for their repres-
sion. CSF3R is the receptor for granulocyte colony-
stimulating factor, which is essential for granulocyte
development [17], and so its silencing is required for
MAUC versus granulocyte commitment. FYN is a tyro-
sine kinase from the Src family that promotes prolifer-
ation and is upregulated in chronic myeloid leukaemia
[18]. Its silencing may reflect the need for cell cycle
arrest in MO-to-DC differentiation. Therefore, we can-
not rule out the possibility that DNA methylation sta-
bilizes this expression status once it has been achieved,
at least over the long term. On the other hand, we
found that the expression of DC-specific surface mark-
ers is reduced following treatment with these DNMT

FEBS Journal (2014) © 2014 FEBS
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inhibitors. Specifically, we observed that DC-SIGN
(CD209) expression declined following treatment with
nanaomycin A. DC-SIGN is a well-recognized DC
marker that mediates several DC functions, including
antigen uptake, intercellular adhesion, and signalling
[19]. Given the decrease in expression observed for this
molecule upon de novo methylation inhibition, our
data indicate that DNA methylation may play a role
in the stabilization of the differentiated phenotype of
DCGCs.

Our results introduce a novel concept concerning
the role of DNA methylation changes. Our current
view of the role of DNA methylation takes into
account that the location of a CpG site determines the
functionality of its methylation (differing according to
its location in a CpG island, shore, open sea, or
enhancer, or in the context of a transcription factor-
binding site), but our experiments also indicate that
the directionality of the change, i.e. the gain or loss of
DNA methylation at specific genes, can have different
roles. Whereas loss of DNA methylation is associated
with the concomitant activation of certain genes,
acquisition of DNA methylation by other genes is not
necessarily associated with their immediate silencing,
and it seems rather to have a longer-term effect related
to the stabilization of the phenotype.

Experimental procedures

Differentiation of DCs from peripheral blood
mononuclear cells (PBMCs)

For this study, we obtained human blood samples (buffy
coats) from anonymous donors through the Catalan Blood
and Tissue Bank (Barcelona). The donors were informed
about the potential use of their blood for research, and had
any questions arising during the interview answered. The
donors signed a consent form at the Catalan Blood and
Tissue Bank before samples were obtained. This Blood
Bank follows the WMA Declaration of Helsinki principles.
Blood samples were carefully deposited on Ficoll-Paque
gradients (Amersham, Buckinghamshire, UK), and then
centrifuged at 800 g (30 min) with minimum deceleration.
Following centrifugation, we collected PBMCs, and washed
them twice with ice-cold NaCl/P; at 600 g for 5 min. We
then used positive selection with MACS magnetic CD14
antibody (Miltenyi Biotec, Bergisch Gladbach, Germany)
to isolate pure CD14" cells from PBMCs. We then resus-
pended CD14" cells in RPMI Medium 1640 (1X) + Glu-
taMAXTM-1 (Gibco, Life Technologies, Carlsbad, CA,
USA) supplemented with 10% fetal
100 unitssmL ™! penicillin, and 100 pg-mL~! streptomycin.
For DC differentiation, the medium was supplemented with
500 U of human IL-4 and 800 U of GM-CSF (Gentaur

bovine serum,
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Molecular Products, Kampenhout, Belgium). For MAC
differentiation, the medium was supplemented with 800 U
of GM-CSF (Gentaur Molecular Products).

We seeded the cells at different densities, depending on
the cell numbers required for specific techniques. These
numbers were 3 x 10° cells per well (96-well plates),
5 x 10° cells per well (six-well plates), and 40 x 10° cells
(10-mm plates). We cultured these cells for 4 days, and
changed the media and cytokines every 2 days. To induce
maturation on day 4, we supplemented cells with 5 pg-mL ™"
LPS (Sigma-Aldrich, St Louis, MO, USA) for 24 h.

Bisulfite sequencing and pyrosequencing

We carried out bisulfite modification of genomic DNA iso-
lated from MOs, and derived DCs and MACs with the
protocol described by Herman ez al. [20]. We then used
2 uL of the modified DNA (20-30 ng) as a template for
the subsequent analysis. We designed primers for amplifica-
tion and sequencing with PYROMARK ASSAY DESIGN 2.0 soft-
ware (Qiagen, Venlo, Limburg, The Netherlands). We
performed PCR amplifications with the HotStart Taq
DNA polymerase PCR kit (Qiagen), and then tested the
quality of the amplified products by agarose gel electropho-
resis. We pyrosequenced the PCR products with the Pyro-
mark Q24 system (Qiagen). The list of all primer sequences
is included in Table SI.

ChIP assays

We crosslinked CD14™ cells at 0, 3, 6, 24 and 96 h after
treatment with GM-CSF + IL-4 with 1% formaldehyde,
and performed ChIP assays after sonication. We used the
standard protocol for ChIP experiments, and the results
were analysed with real-time quantitative PCR. For each
specific antibody/sample, we represented data as the ratio of
the bound fraction versus the input. We used the following
antibodies: anti-H3K4me3 IgG rabbit monoclonal (ref. 17-
614; Millipore, Billerica, MA, USA), anti-H3K36me3 serum
(ref. ab9050; Abcam, Cambridge, UK), anti-H3K9me3
serum (ref. ab8898; Abcam), and anti-H3K27me3 serum
(ref. 07-449; Millipore). We used IgG as a negative control.
We designed primer sequences to overlap with regions show-
ing hypermethylation at given CpG sites, generally close to
the TSS. Primer sequences are shown in Table S1. Three
biological replicates of these experiments were carried out.

BrdU proliferation assays

We used BrdU at a final concentration of 300 pm, and BrdU
pulses were applied to each well for 2 days. For flow cytome-
try assays, we seeded CD14" cells on six-well plates, and cul-
tured them in differentiation medium. In this case, we added
BrdU to the medium at different times. We then fixed cells
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after 2 days with 4% paraformaldehyde (30 min, room tem-
perature), permeabilized them with NaCl/P;/BSA/Triton X-
100 0.8% (10 min, room temperature), and treated them with
2 M HCl for 30 min. We then neutralized the HCI with two 5-
min washes with NaBo (0.1 m, pH 8.5) and two 5-min washes
with NaCl/P;. Cells were incubated with anti-BrdU mouse
IgG1 (18 hat4 °C, 1 : 1000 dilution), and anti-mouse Alexa-
488-conjugated serum was added to detect the BrdU-positive
nuclei.

FACS staining

For FACS analysis, we directly stained CD14™ MOs and
DCs with phycoerythrin-conjugated mAbs against CD14
(Miltenyi), Horizon V450-conjugated mAbs against CD209
(BD), and allophycocyanin-conjugated mAbs against CD83
(Miltenyi). We incubated 0.3 x 10° cells with the indicated
antibodies for 30 min at 4 °C, and washed them once with
ice-cold NaCl/P;BSA 0.1%. We analysed cells with a
Gallios Flow Cytometer (Beckman Coulter, Brea, CA,
USA) and rrLowio software (Tree Star, Ashland, OR,
USA).
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Abstract

of osteoclast-inappropriate genes is achieved.

upregulation of their expression.

differentiation.

Background: Monocyte-to-osteoclast conversion is a unique terminal differentiation process that is exacerbated
in rheumatoid arthritis and bone metastasis. The mechanisms implicated in upregulating osteoclast-specific genes
involve transcription factors, epigenetic regulators and microRNAs (miRNASs). It is less well known how downregulation

Results: In this study, analysis of miRNA expression changes in osteoclast differentiation from human primary monocytes
revealed the rapid upregulation of two miRNA clusters, miR-212/132 and miR-99b/let-7e/125a. We demonstrate that

they negatively target monocyte-specific and immunomodulatory genes like TNFAIP3, IGFTR and IL15. Depletion of these
miRNAs inhibits osteoclast differentiation and upregulates their targets. These miRNAs are also upregulated in other
inflalnmatory monocytic differentiation processes. Most importantly, we demonstrate for the first time the direct
involvement of Nuclear Factor kappa B (NF-«B) in the regulation of these miRNAs, as well as with their targets, whereby
NF-kB p65 binds the promoters of these two miRNA clusters and NF-kB inhibition or depletion results in impaired

Conclusions: Our results reveal the direct involvement of NF-kB in shutting down certain monocyte-specific genes,
including some anti-inflammatory activities, through a miRNA-dependent mechanism for proper osteoclast

Background

The successful generation of differentiated cell types from
their progenitors depends on the highly coordinated regu-
lation of gene expression by transcription factors, epigen-
etic enzymes, and small non-coding RNAs, of which
microRNAs (miRNAs) are the best studied. These regu-
late gene expression through sequence complementarity
with their target mRNAs by mediating their decay or
interfering with their translation [1]. miRNAs are known
to have a major role in cell differentiation. However, their
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specific contribution in terminal differentiation processes
remains poorly understood.

One such process is monocyte (MO)-to-osteoclast (OC)
differentiation. OCs are giant, multinucleated cells that de-
grade bone [2] and differentiate from monocytic progeni-
tors under inflammatory conditions. Their deregulation is
associated with several diseases, either through deficient
function that results in osteopetrosis [3] or aberrant hyper-
activation that gives rise to generalized bone loss in osteo-
porosis [4] and rheumatoid arthritis [5]. Moreover, OCs
cause bone complications in multiple myeloma [6] and in
cancer metastasis, including prostate and breast cancers
[7]. OCs differentiate from MO/macrophage progenitors
[8] after macrophage colony-stimulating factor (M-CSF) [9]
and receptor activator of nuclear factor kappa-B ligand
(RANKL) [10] stimulation. In vitro generation of OCs from
peripheral blood MOs allows differentiation to be studied
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in this model, since isolation of primary bone OCs can
otherwise be challenging [11]. During osteoclastogenesis,
progenitor cells fuse, reorganize their cytoskeleton [12]
and activate the gene expression profile necessary for bone
destruction. Several signaling pathways activate nuclear
factor-kappa B (NF-kB), mitogen-activated protein kinase
(MAPK) and c-Jun [13], which coordinately turn on
NFATc1 [14], the osteoclastogenesis master transcription
factor. NFATc1 acts in conjunction with PU.1 and MITF
[15], activating OC-specific genes such as those encoding
tartrate-resistant acid phosphatase (TRAP or ACPS) [16],
cathepsin K (CTSK) [17], dendritic cell-specific transmem-
brane protein (DC-STAMP or TM7SF4) [18], matrix
metallopeptidase 9 (MMP9) [19] and carbonic anhydrase
2 (CA2). Most importantly, other genes like CX3CRI, a
MO-specific gene, and TNFAIP3, a deubiquitinating pro-
tease that mediates TRAF6 degradation and impairs
NF-kB activation [20], need to be silenced during OC dif-
ferentiation. It is not well understood how the silencing
program is established during MO-to-OC differentiation.
The importance of miRNAs in OC differentiation has
been established through the observation that knock-out
models for the miRNA processing machinery impair OC
formation and reduced expression of TRAP and NFATc1
[21]. In addition, silencing of miRNAs, such as miR-29b
[22] and miR-124 [23], is essential for the upregulation of
pro-osteoclastic genes.

In this study, we investigated the role of miRNAs in es-
tablishing and maintaining a repressive program during
OC differentiation. To this end, we performed high-
throughput miRNA expression profiling of human
peripheral blood MOs before and 2 and 20 days after
stimulation with RANKL and M-CSF. We identified dif-
ferent dynamics in miRNA expression changes. Two
miRNA clusters, miR-212/132 and miR- 99b/let-7e/
125a, are highly upregulated during the early stages of
osteoclastogenesis. Functional analysis of these miRNAs
revealed that their depletion impairs proper OC differenti-
ation. Interestingly, these miRNAs target MO-specific and
anti-inflammatory genes that are downregulated during
differentiation, such as TNFAIP3, IGFIR, THBSI, ITGA4,
IL15 and PTGS2. We investigated the potential involve-
ment of the NF-kB transcription factor in the upregulation
of these miRNAs. We demonstrated the direct association
of p65 NF-kB with the transcription start site (TSS) of
these miRNA clusters. Most importantly, we found that
the pharmacological inhibition of the p65 subunit of
NF-kB or its depletion results in impaired overexpres-
sion of these miRNAs and affects the downregulation of
their targets. Our results demonstrate the direct relation-
ship between p65 NF-kB and miRNA-mediated repression
of several MO-specific and anti-inflammatory genes that is
key for proper osteoclastogenesis and reveal novel potential
pathways for therapeutic intervention in the treatment of
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bone complications in diseases such as rheumatoid arthritis
and bone metastases.

Results
The miRNA expression profile changes drastically during
osteoclastogenesis
To determine the dynamics of miRNA expression during
human osteoclastogenesis, we first generated three sets of
matching samples corresponding to peripheral blood
MOs (CD14+ cells), MOs 48 hours after RANKL/M-CSF
treatment, and mature OCs obtained from the same sets
of MOs, 21 days after RANKL/M-CSF stimulation. The
quality of the OCs was confirmed microscopically by the
presence of three or more nuclei in TRAP-positive cells
and the formation of the actin ring (Figure 1A). At the
molecular level, we confirmed the upregulation of osteo-
clastic markers (CA2, CTSK, MMP9, ACP5/TRACP and
TM7SF4/DCSTAMP) and the silencing of the MO-
specific gene CX3CRI (Figure 1B). We then performed
miRNA expression profiling during the differentiation of
MOs to OCs using the three sets of samples. Statistical
analysis of the combined expression data from three bio-
logical replicates showed 115 miRNAs that were differen-
tially expressed at one or more of the times analyzed
(Figure 1C; Additional file 1). miRNAs displayed different
expression profiles over time that enabled them to be clas-
sified into eight groups (Figure 1C) according to the com-
bination of upregulation or downregulation at the initial
or late stages of OC differentiation. Of particular interest
were the miRNAs whose expression increased rapidly in
the initial stages (groups I, V and VI; Figure 1C), regardless
of their subsequent changes over time. miRNAs that be-
come upregulated immediately after M-CSF and RANKL
stimulation are potentially more important for the differ-
entiation process than for the function of fully differenti-
ated OCs. miRNAs within two clusters ranked top in
terms of the coefficient of change and relative expression
levels, specifically miR-99b/let-7e/125a (group I, average
fold change =49.4 between MOs and 48 h post-MCSF/
RANKL stimulation) and miR-212/132 (group VI, average
fold change =50.57 between MOs and 48 h post-MCSE/
RANKL stimulation) (Figure 1D). Several other activated
miRNAs identified in our analysis have already been de-
scribed in human and mouse experiments concerning OC
differentiation (Figure 1C) like miR-124, a negative regula-
tor of NFATc1 expression [23], and miR-155, also upregu-
lated in bone marrow macrophage-derived OCs [24,25].
We confirmed the overexpression of all the miRNAs
within the miR-99b/let-7e/125a and miR-212/132 clusters
using quantitative RT-PCR (qRT-PCR) (Figure 1E). This
analysis also confirmed that individual miRNAs from each
of the two clusters do not reach the same expression
levels. For example, miR-99b and miR-125a levels are in-
creased by 300-fold and 100-fold respectively, whereas
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Figure 1 MicroRNA expression profiling during monocyte-to-osteoclast differentiation. (A) Validation of the presence of OCs by TRAP and

phalloidin staining, showing the presence of TRAP activity/multiple nuclei and the actin ring, respectively. (B) Molecular characterization of OC
differentiation. Several OC markers are upregulated (CA2, CTSK, MIMP9, ACP5/TRAP, and TM7SF4/DCSTAMP), and the MO marker CX3CRT is silenced. Data for
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miR-let-7e induction is only increased by 10- to 12-fold.
This strongly suggests that miRNAs in these clusters are
regulated not only transcriptionally but also post-
transcriptionally during MO-to-OC differentiation, as it
has previously been observed for other miRNAs in other
differentiation programs [26]. To refine the expression dy-
namics of these miRNAs during the differentiation
process further, we generated a time course of osteoclasto-
genesis from three different healthy donors, and checked
the miRNA levels at several times during the entire differ-
entiation process. The two clusters showed different dy-
namics when we analyzed their expression levels over
time. Specifically, after RANKL/M-CSF stimulation, the
miR-99b/let-7e/125a cluster miRNAs underwent rapid
overexpression during the first four days and the levels
remained stably high until day 21 (Figure 1F, top). In con-
trast, miR-212/132 cluster miRNAs peaked at day 3,
displaying an increase of around 50-fold (miR132) to 170-
fold (miR-212), followed by an approximately 5-fold drop
(Figure 1F, bottom). This suggests that the functions of
miR-132 and miR-212 are involved in the early events of
osteoclastogenesis, since their expression levels are tightly
regulated and constrained to the first four days of
differentiation.

Inhibition of miRNAs within the miR-99b/let-7e/125a and
miR-212/132 clusters impairs osteoclastogenesis

To investigate the role of the individual miRNAs within
the two aforementioned clusters in OC differentiation,
we performed loss of function experiments. We trans-
fected primary MOs with specific inhibitors or antago-
mirs for each of the individual miRNAs contained in the
miR-99b/let-7e/125a and miR-212/132 clusters. In these
experiments, transfections with miRNA inhibitors were
performed simultaneously with RANKL/M-CSF stimula-
tion. We collected samples at 4 days. Then we tested the
expression of OC markers to assess the impact of deplet-
ing these miRNAs on the differentiation process. Simul-
taneously, we checked the efficiency of transfection by
flow cytometry of cells transfected with a control antag-
omir fluorescein-conjugate, recording efficiencies of 93%
and 97.6% depending on the reagent used for transfec-
tion (Figure 2A). qRT-PCR analysis revealed that indi-
vidual inhibition of each of the miRNAs within the two
clusters results in a delay and decrease in the levels of
OC markers like ACP5, CA2, CTSK and MAMP9
(Figure 2B) at 4 days after RANKL/M-CSF stimulation.
An opposite effect was observed for the MO-specific
gene CX3CRI1 with miR-99b and miR-125a (Figure 2B).
We also performed double-transfection experiments
with two combinations of miRNA inhibitors, containing
two miRNAs within each cluster. In these experiments
with two miRNA inhibitors we observed higher inhib-
ition of OC markers than in single transfections
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(Figure 2C), further demonstrating the functional role of
these miRNAs in the proper differentiation of OCs.

We then investigated the effects of depleting these
miRNAs on the acquisition of two essential OC mem-
brane proteins, CCR1 [27] and TM7SF4/DCSTAMP [28]
(Figure 2D). Flow cytometry analysis of these two sur-
face markers revealed that the depletion of any of the
individual miRNAs within the two clusters decreases
their levels 4 days after RANKL/M-CSF stimulation.

Finally, we tested whether depletion of these miRNAs
impacts the ability of MOs to fuse and form OCs follow-
ing RANKL/M-CSF stimulation. To this end, we per-
formed TRAP staining 4 days after RANKL/M-CSF
treatment on cells transfected with power inhibitors for
each of the miRNAs, when the first multinucleated OCs
start to be apparent. We observed a delay in OC forma-
tion in all cases, proving the relevance of these miRNAs
for the differentiation and fusion in TRAP+ OCs
(Figure 2E). These effects were less obvious at longer dif-
ferentiation times; however, this is not surprising given
the medium/long-term instability of antagomirs trans-
fected into cells. In summary, all these results indicate
that the high levels of the miRNAs from these two clus-
ters are necessary for proper differentiation of OCs.

Upregulated miRNAs target monocyte-specific and
immunomodulatory genes that need to be silenced
during osteoclastogenesis

Our results demonstrated that the miRNAs within the
most strongly activated miRNA clusters have a func-
tional effect on OC differentiation when inhibited in
MOs, as reflected by the decrease and delay in the up-
regulation of OC markers, including OC-specific surface
proteins, as well as in the ability to form multinuclear
cells. To identify the targets of these miRNAs, we re-
trieved a list of putative targets using miRWalk [29],
which contains prediction databases like TargetScan
[30], miRDB [31] and others, as well as information
about validated targets. We then linked the list of poten-
tial targets with previously reported high-throughput
data on expression changes during OC differentiation
[32], assuming an inverse relationship between the levels
of a given miRNA and the expression levels of its tar-
gets. For this analysis, we imposed the criteria that the
targets should be predicted by at least four databases
(Figure 3A) and that downregulation was defined as a
minimum 0.5-fold change. Applying these conditions we
identified a number of putative downregulated targets
for each overexpressed miRNA (Additional file 2). We
then used the Database for Annotation, Visualization
and Integrated Discovery (DAVID) to identify functional
categories. This tool revealed a highly significant enrich-
ment of categories related to the immune system
(Figure 3B), including immune system development
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(See figure on previous page.)

Figure 2 Influence of miRNAs in modulating monocyte-to-osteoclast differentiation. (A) Quantification by flow cytometry of the transfection
efficiency using a fluorescent control power inhibitor or antagomir. (B) Functional effect of miRNA inhibition using power inhibitors (or antagomirs) for
the individual miRNAs in the miR-99b/125a/let7e and miR-132/212 clusters on CA2, CTSK, MMP9, ACP5 and CX3CR1 expression levels 4 days after
M-CSF/RANL stimulation. Quantification was done using gRT-PCR with specific primers for each gene and using the RPL38 gene for normalization. (C)
Functional effect of miRNA inhibition using double transfections with power inhibitors for two miRNAs within the miR-99b/125a/let7e and miR-132/
212 clusters. Quantification was carried out using gRT-PCR with specific primers for each gene and using the RPL38 gene for normalization. (D) Effect
of miRNA inhibition on the levels of surface markers CCR1 and TM7SF4. A bar diagram summarizing the results of the individual inhibition of each
miRNA of the two clusters is presented. Also, a plot of the fluorescence-activated cell sorting (FACS) analysis is presented. (E) Effect of miRNA inhibition
on the ability of cells to differentiate in OCs. Cells were arrested at 4 days after inducing differentiation. OCs were stained with TRAP. Cells with three or
more nuclei were counted as OCs. In the images, multinuclear OCs are indicated with a red arrow. On the right, a bar diagram showing the percentage
of OCs under each condition (center) and a bar diagram showing the number of cells with two, three or four or more nuclei under each condition
(right). Error bars correspond to the standard deviation of three independent measurements; *corresponds to P-value <0.05; **means P-value <0.01.

(P-value 1.69 E-11) and cytokine production (P-value
3.04 E-11). We identified a number of critical factors
from among these (Figure 3C). For instance, miR-99b
was found to target the 3" UTRs of /GFIR, miR-125a
targeted ETV6, TNFAIP3 and CX3CRI, and let7e
targeted TNFAIP3 and ITGA4. In the case of the miR-
NAs in the miR-212/132 cluster, miR-212 was found to
target CX3CRI and HBEGE, and miR-132 targeted IRFI
and NR4A2. Some of these genes are also silenced by
other mechanisms during OC differentiation. Two ex-
amples are the MO-specific gene CX3CRI and the anti-
inflammatory gene TNFAIP3, which are rapidly silenced
after MCSF/RANKL stimulation, and their promoters
are hypermethylated [33].

To validate the putative targets, we performed lucifer-
ase reporter assays using a vector containing the renilla
luciferase coding region plus the wild type or a mutant
form (Mut) of the putative 3" UTR target sites of each
potentially targeted gene. We carried out these assays in
HeLa cells, in which we had previously estimated the
expression of high levels of miRNAs of the miR-99b/let-
7e/125a and miR-212/132 clusters. These assays con-
firmed that miR-99b targets IGFIR, miR-125a targets
TNFAIP3, and let-7e targets [TGA4 and THBSI. On the
other hand, miR-132 targets PTGS2, and miR-212 also
targets PTGS2 and IL15 (Figure 3D).

To obtain further evidence of the in vivo effect of the
miRNAs on their putative targets, we performed qRT-
PCR and western blotting in MOs transfected with each
of the miRNA inhibitors. In the case of the miR-99b/let-
7e/125a cluster, inhibition of miR-99, miR-125a and let-
7e resulted in the specific upregulation of IGFIR,
TNFAIP3 and IGFIR, and of ITGA4 and THBSI, re-
spectively. With respect to the miR-212/132 cluster, in-
hibition of miR-132 and miR-212 gave rise to the
upregulation of PTGS2 and the inhibition of miR-212 re-
sulted in the upregulation of IL15 (Figure 3E). We also
observed crossover effects between some miRNAs and
targets. For instance, inhibition of miR-99b and miR-
125a also affected PTGS2, which was not validated in lu-
ciferase assays but also contains putative recognition

sites at its 3" UTR for miR-99b and miR-125. We ob-
served increased mRNA and protein levels for some of
these targets in double transfection experiments with
antagomirs (Figure 3F). Together with the luciferase as-
says, all these results confirmed the essential role of the
miRNAs in the downregulation of these genes during
OC differentiation.

Changes in the miRNA cluster expression levels in related
inflammatory-driven monocyte differentiation processes

We also investigated whether the observed miRNA expres-
sion changes occurring in OC differentiation constitute a
more general regulatory mechanism also operating in an-
other two related differentiation processes involving MOs,
specifically MO-to-dendritic cell differentiation and MO-to-
macrophage differentiation. These two processes are trig-
gered following stimulation with granulocyte-macrophage
CSF/IL4 or granulocyte-macrophage CSF alone (Figure 4A).
Analysis of the expression changes of all miRNAs within the
miR-99b/let-7e/125a and miR-212/132 clusters showed
these are common to all three processes (Figure 4B). Specif-
ically, we observed that all these miRNAs increased more
markedly in macrophages than in dendritic cells, suggesting
a bias towards the ability to generate a strong NF-kB-
mediated response, such as TLR4-initiated signals occurring
in inflammatory macrophages. Given the negative relation-
ship between these miRNAs and the regulation of their tar-
gets, it is feasible that they have a key role in the extinction
of mRNAs that are characteristic of a less inflammatory
prone state. This prompted us to investigate the relationship
between the increase in these miRNAs and the expression
levels of their validated targets in MO-to-dendritic cell and
MO-to-macrophage differentiation. We also noted a de-
crease in the mRNA levels of TNFAIP3, ITGA4, THBS,
IL5, and PTGS2 during the three differentiation pro-
cesses (Figure 4C). The only exception was IGFIR,
which appeared to increase over time in OC and den-
dritic cell differentiation, consistent with the findings of
others [34]. This could perhaps be due to the predomin-
ant effect of other regulatory mechanisms, probably at
the transcription level (Figure 4C). In this case, the
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Figure 3 Analysis of miRNA targets. (A) Venn diagram summarizing the rationale for selecting putative miRNA targets by combining the lists
generated with prediction algorithms with those generated from expression datasets (1,858 genes with a fold change <0.5). (B) Gene Ontology (GO)
enrichment analysis of putative miRNA targets from the previous analysis. (C) Summary of putative targets and their corresponding miRNA matches
among the miR-99b/125a/let7e and miR-132/212 clusters. (D) Luciferase assays of Hela cells cotransfected with different luciferase reporter psiCheck2
constructs containing the 3" UTR of putative targeted transcription factors (wild type (WT) or mutant (Mut) forms). (E) Effects on validated targets of the
single transfection with miRNA power inhibitors in MOs 4 days after being stimulated with RANKL/M-CSF, as assessed by gRT-PCR and western blotting.
Expression data are relative to the levels obtained for the samples transfected with control power inhibitor or antagomir (a-miR) and are normalized to the

P-value < 0.001.

RPL38 gene. Protein data have been normalized against a-tubulin, using the sample transfected with the control power inhibitor as a reference. At the
bottom, quantification of the levels of protein relative to the control for each antagomir. (F) Effects on validated targets of the double transfection with
miRNA power inhibitors in MOs 4 days after being stimulated with RANKL/M-CSF, as assessed by gRT-PCR and western blotting. Data analyzed as above.
Error bars correspond to standard deviation of three independent experiments; *corresponds to P-value <0.05; **means P-value <0.01; **means

upregulation of miR-99b, which targets /GFIR, could be
related more to fine-tuning regulation in order to
achieve the proper levels of this protein instead of
blocking the expression of it.

A direct role for NF-kB in the upregulation of miRNAs?

Our results supported the notion that miRNAs play a
role in the efficiency of OC differentiation and enabled
us to identify two upregulated miRNA clusters whose
participation in downregulating genes is key to this
process. As explained above, MO-to-OC differentiation
is induced by RANKL, which ultimately stimulates NF-
kB, a transcription factor once it has been translocated
into the nucleus. NF-kB acts in concert with PU.1, Jun
and the OC-specific transcription factor NFATc1. NF-
kB helps regulate many OC-specific genes. The tran-
scription factor NF-kB is also likely to participate in
shutting down MO-specific genes through the activa-
tion of miRNAs. To explore the potential involvement
of NF-«B in the changes in miRNAs during MO-to-OC
differentiation, we first investigated the enrichment of
the consensus binding site for the p65 NF-«B subunit in
a window of 500 bp upstream and downstream of the
TSS of the miRNAs (determined from the miRStart
database) [35]. This analysis showed that the p65 NF-kB
consensus binding site is present in the majority of
miRNA TSSs, including the miRNAs within the miR-
99b/let-7e/125a and miR-212/132 clusters (Figure 5A).
We then investigated the presence of p65 NF-kB around
the TSSs of these two miRNA clusters by performing
chromatin immunoprecipitation (ChIP) assays with
anti-p65 antibodies in MOs before and 48 h and 96 h
after induction with RANKL/M-CSE. We also used
primers near the TSS of CCL5 as a positive control. We
noted specific enrichment of p65 at 48 h and 96 h after
RANKL/M-CSF stimulation in the two upregulated
miRNA clusters (Figure 5B), demonstrating a direct as-
sociation of NF-kB p65 with the encoding sequence of
the upregulated miRNAs. We also found that p65
bound near the TSSs of other miRNAs, such as miR-34a

(Figure 5B), suggesting that this may be a general mech-
anism of miRNA upregulation in OC differentiation.

To investigate the involvement of the NF-kB pathway
in the activation of these miRNAs in greater depth, we
treated MOs with two NF-«B inhibitors, Bay 11-7082
and sodium aurothiomalate (SATM), and investigated
the effects on the expression of the aforementioned miR-
NAs following induction by RANKL/M-CSE. SATM
inhibits the activity of IxB kinase by modifying cysteine
residues within its catalytic domain. Bay 11-7082 select-
ively and irreversibly inhibits the tumor necrosis factor-a-
inducible phosphorylation of IkBa, resulting in reduced
expression of NF-kB and adhesion molecules. Both inhibi-
tors eventually reduce the levels of phosphorylated Ser536
of p65, which correspond to its active form. To test the
toxicity of these two inhibitors, we first performed MTT
assays over a wide range of concentrations with primary
MOs (not shown), and selected 10 uM for Bay 11-7082
and 100 pM for SATM. Consistent with a relevant role of
the NF-kB pathway in the activation of these miRNAs, we
observed that phosphorylation of p65 increases following
RANKL/M-CSF stimulation of MOs (Figure 5C). Under
our conditions we observed potent inhibition of p65, as
reflected by the reduced levels of phospho-Ser536 p65, es-
pecially at 2 days, whereas at 4 days the inhibitory effects
of Bay 11-7082 were significantly reduced, perhaps due to
its instability in the culture medium (Figure 5C). We then
investigated the effects of these two inhibitors on miRNA
expression. Both inhibitors decreased expression of upreg-
ulated miRNAs (Figure 5D), reinforcing the notion of the
direct role of NF-kB in mediating their upregulation. Con-
sistent with the results obtained with the western blotting
(Figure 5C), the reduction in miRNA upregulation was
more obvious only at 2 days, whereas at 4 days the miR-
NAs of cells treated with Bay 11-7082 had reached the
levels of cells treated with the vehicle. As mentioned
above, this is perhaps due to the stability of the inhibitors
in the culture medium, which are added only at the begin-
ning. It could also be due to the contribution of additional
regulatory mechanisms that could be compensating for
the inhibition of the NF-«xB pathway. We also checked the
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three differentiation models used in this experiment. GM-CSF, granulocyte-macrophage colony-stimulating factor. (B) Relative expression levels of the miRNAs
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samples. gRT-PCR data were normalized with respect to the RPL38 gene. Error bars correspond to standard deviation of three independent measurements.

effects on both classical OC markers and miRNA-validated
targets. The two inhibitors reduced the levels of OC
markers, as determined by qRT-PCR after 4 days (Figure 5E).
Conversely, both SATM and Bay 11-7082 had an overall
positive effect on miRNA targets, providing evidence that
NE-kB helps repress these targets through miRNAs
(Figure 5F). We observed different effects in terms of which
of the two drugs was more effective or whether the effect
was more evident at 2 or 4 days, but we cannot discard the
occurrence of pleiotropic effects, or interference with other
regulatory mechanisms.

Therefore, as an unequivocal test of a potential causal re-
lationship between NF-kB and miRNA expression changes
in MO-to-OC differentiation, we investigated the conse-
quences of ablating p65 expression in MOs. To this end,

we downregulated p65 levels in MOs using transient
transfection experiments with a small interfering RNA
(siRNA) that targets exon 11 of p65 (Figure 6A). In paral-
lel, we used a control siRNA. Following transfection we
stimulated differentiation with RANKL/M-CSE. Under
these conditions, we used qRT-PCR and western blotting
to check the effects on p65 levels 1, 2 and 4 days after
RANKL/M-CSF stimulation of MOs. By this means, we
were able to confirm that the level of p65 downregulation
was close to 50% (Figure 6A). siRNA-mediated downregu-
lation of p65 resulted in decreased binding of the miRNAs
to TSSs (Figure 6B). We also examined the expression
levels of these miRNAs following p65 depletion and found
that the RANKL/M-CSE-stimulated upregulation of the
miRNAs within the miR-99b/let-7e/125a cluster was
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Figure 5 NF-kB dependence of miRNA expression changes. (A) Analysis of the presence of NF-kB subunit binding motifs (from TRANSFAC
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*corresponds to P-value <0.05; **means P-value <0.01.
A\

Figure 6 NF-kB p65 has a direct role in changes in miRNA expression levels. (A) Diagram depicting the region of the p65 gene in exon 11
targeted by the siRNA used in this study. Effects of siRNA experiments on p65 levels in MOs stimulated with RANKL/M-CSF after 1, 2, and 4 days,
as analyzed by western blotting (bottom and central panels, normalized with respect to histone H3 levels) and qRT-PCR (left panel, relative to
RPL38 expression levels). (B) Effect of p65 depletion on its recruitment near the TSS of the coding sequence of the miRNAs, as demonstrated by
ChIP assays. The scheme on top of each graph depicts the region analyzed, indicating the p65 binding site (dot) and the primers used (arrows
around the p65 binding site). (C) Effects of p65 siRNA experiments on miR-99b, miR-125a and miR-let7e after 1, 2, and 4 days. Data relative to
miR-103 levels. (D) Effects of p65 downregulation on expression of genes upregulated during osteoclastogenesis (CTSK, MMP9, ACP5, TM7SF4).

(E) Effects of p65 downregulation on the levels of the miRNA targets TNFAIP3 and IGFIR. Expression data compared with MO samples treated with
control siRNA and values relative to RPL38 expression levels. Error bars correspond to the standard deviation of three independent measurements;

partially impaired following p65 depletion (Figure 6C).
We also analyzed two miRNAs that are not direct p65 tar-
gets and observed no effect on their levels following p65
depletion (not shown).

We investigated the effects of depleting p65 on the ex-
pression of OC markers (ACP5, CTSK and TM7SF4) as
well as on miRNA targets. Whereas depletion of p65 led to
a decrease in the upregulation of OC markers (Figure 6D),
it resulted in an increase in miRNA targets (Figure 6E),
thereby confirming the direct role of p65 in regulating this
process.

Taken together, our findings are the first demonstra-
tion that NF-«B is directly associated with and activates
miRNAs that are essential for the regulation of critical
targets whose downregulation is essential for proper OC
differentiation.

Discussion

Our results provide novel insights into the role and mecha-
nisms of the fine-tuned control of expression and its relation
with inflammatory pathways in MO-to-OC differentiation.
Firstly, we identified a set of miRNAs that are required for
OC differentiation. Most importantly, these miRNAs target
and repress OC-inappropriate genes, including several MO-
specific and immunomodulatory genes. Secondly, our re-
sults reinforce the key role of the NF-«B transcription factor
as a direct regulator of miRNA upregulation, specifically fo-
cusing on the miR-99b/let-7e/125a and miR-212/132
clusters.

Screening miRNA expression changes at two points
during differentiation revealed different groups of miR-
NAs based on their expression profiles over time. Over-
all, our data show prevalent upregulation of miRNAs in
OC differentiation. Twenty-three miRNAs displayed fast
upregulation followed by sustained expression levels, 20
miRNAs had a rapid increase followed by downregula-
tion over a longer period following induction until day
21, and 26 miRNAs were upregulated only at later
stages. In contrast, there were significantly fewer miR-
NAs whose expression levels decreased over time. The
predominance of upregulated miRNAs may suggest that
their primary role is to repress or ensure the mainten-
ance of low levels of OC-inappropriate genes that could

also be repressed through other mechanisms. Previous
data from our group have already shown this type of be-
havior in B cell-to-macrophage transdifferentiation [36].
Our analysis of the functional effects of the depletion of
the miRNAs within the miR-99b/let-7e/125a and miR-
212/132 clusters, as well the analysis of their targets,
shows that these molecules have a direct role in repres-
sing MO-specific and immunomodulatory genes like
TNFAIP3, IGFIR and IL15. In addition, loss of function
experiments using specific inhibitors for the above miR-
NAs influences the efficiency of osteoclastogenesis, as
determined by analyzing expression changes of standard
markers of OC differentiation at the RNA and protein
levels, the effects on validated targets of these miRNAs
and the ability of cells to fuse to yield multinucleated
OCs.

Our results suggest that fine-tuning modulation
through miRNA-mediated repression drives the monocytic
steady state program into an NF-kB-driven proinflamma-
tory differentiation program. This idea is reinforced by the
observation that the upregulation of these miRNAs also
occurs in related inflammatory-related monocytic differ-
entiation processes, including MO-to-dendritic cell differ-
entiation and MO-to-macrophage differentiation. MOs
are heterogeneous circulating progenitors that can either
patrol the resting endothelium or migrate into tissues in
response to inflammatory signals. Regulation of switching
between these different states requires the ability to re-
spond rapidly to changes that may include silencing of un-
desired response pathways, and the commitment to
ensure proper outcomes. miRNAs may contribute to this
process as a flexible regulatory mechanism, as it has been
described for miR146a and Relb pathway Ly6Chigh
inflammatory MO responses [37]. Our analysis on the
functional effects of depletion of the miRNAs within the
miR-99b/let-7e/125a cluster reveals a possible common
pathway of commitment into cells with strong NF-kB-
dependent responses, suggesting the targeting of the
anti-inflammatory molecule TNFAIP3 (A20) by these
microRNAs, which are upregulated in the conversion
into OCs, dendritics cells and macrophages. In addition,
depletion of the miR-212/132 cluster, as well as the ana-
lysis of their targets, shows that these elements have a
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direct role in repressing genes like IRFI or IL15, which
could also shape inflammation.

Ly6Chigh MO conversion to Ly6Clo anti-inflammatory
macrophages with a restorative phenotype in murine hep-
atic fibrosis requires the upregulation of genes encoding
molecules of the anti-inflammatory macrophage program,
like CX3CRI1, or with anti-fibrotic effects, like CD74 [38].
Interestingly, both genes are targeted by the miR-212/132
cluster in our MO-based differentiation models that con-
verge on the set-up of inflammatory or NF-«B programs
in different cell types. In addition, an immunosuppresive
role has also been assigned to the IGF1R-IGF1 axis, and
cord blood mononuclear cells as well as peripheral blood
mononuclear cells (PBMCs) treated with IGF1 show a de-
crease NF-«kB binding activity [39]. Our results show that
IGFIR is targeted by miR99b and miR125a also suggesting
a coordinated shutdown of signal transduction that block
NF-kB pathways.

The second major conclusion of our study is the role of
NF-«B in directly upregulating the miR-212/132 and miR-
99b/let-7e/125a clusters, and perhaps other miRNAs.
Multiple genes implicated in inflammation, including pro-
inflammatory cytokines and their receptors, are under the
transcriptional control of the transcription factor NF-kB
[40]. A few reports have recently proved that NF-kB has a
direct role in regulating miRNA expression [41,42]. To
the best of our knowledge, however, this is the first report
demonstrating a direct role for NF-kB in miRNA control
in OC differentiation. NF-kB is a major target of RANKL,
which is used together with M-CSF to stimulate differenti-
ation of MOs into OCs. However, only a few direct NF-xB
targets have so far been described. For instance, it has
been shown that NF-kB cooperates with NFATc2 to in-
duce expression of NFATc1, with NFkB p50 and p65 being
recruited to the NFATc1 promoter within 1 hour of treat-
ment of OCPs with RANKL, resulting in transient auto-
amplification of NFATc1 expression, which is crucial for
OC formation [14]. To date, the participation of NF-kB in
this context had been restricted to an activator of genes
that are necessary for OC differentiation. Our findings re-
veal a novel role for NF-«B in activating miRNAs that re-
press the expression of OC-inappropriate genes that are
not required for differentiation. This perhaps includes not
only MO-to-OC differentiation, but also other related
MO-related differentiation processes where NF-«B plays a
key role. Several papers have come out showing regulatory
programs of Ly6Chigh inflammatory MOs/macrophages
versus Ly6Clo resting cells [37,38,43]. Nonetheless, unrav-
eling the mechanisms that delineate NF-kB versus other
programs in human MOs has been more difficult and this
issue is directly addressed by the present work.

The results of our study constitute the first clear evi-
dence that NF-«B directly regulates miRNAs, showing to-
gether with our findings on the miRNA targets and the
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impact on OC differentiation that this is a novel mechan-
ism of gene repression of OC-inappropriate genes in this
differentiation process. In addition, our conclusions open
up possibilities for exploiting novel pathways for thera-
peutic intervention.

Conclusions

Our study on miRNA expression changes during MO-to-
OC differentiation reveals the occurrence of rapid upregu-
lation of two miRNA clusters. We have demonstrated that
miRNAs within these two clusters are necessary for MOs
to differentiate into OCs. These miRNAs are key to
repressing OC-inappropriate genes, including certain anti-
inflammatory genes, and are needed for proper OC differ-
entiation. We demonstrate that these changes and their
functional effects also occur in other MO differentiation
processes, indicating that these miRNAs are needed for
the downregulation of OC-inappropriate genes in MOs.
Most importantly, we demonstrate for the first time that
NF-kB directly regulates these miRNAs and is thus dir-
ectly implicated in the inhibition of the less differentiated
monocytic expression program.

Materials and methods

Differentiation of osteoclasts from peripheral blood
mononuclear cells

Human blood samples came from anonymous blood donors
through the Catalan Blood and Tissue Bank in Barcelona as
thrombocyte concentrates (buffy coats). The anonymous
blood donors received oral and written information about
the possibility that their blood would be used for research
purposes, and any questions that arose were then answered.
Before giving their first blood sample the donors signed a
consent form at the Banc de Teixits, which adheres to
the principles set out in the WMA Declaration of Helsinki.
The blood was carefully layered on a Ficoll-Paque gradient
(Amersham, Buckinghamshire, UK) and centrifuged at
2,000 rpm for 30 minutes without braking. After centrifu-
gation, PBMCs at the interface between the plasma and
the Ficoll-Paque gradient were collected and washed twice
with ice-cold phosphate-buffered saline, followed by
centrifugation at 2,000 rpm for 5 minutes. Pure CD14+
cells were isolated from PBMCs using positive selection
with MACS magnetic CD14 antibody (Miltenyi Biotec,
Bergisch Gladbach, Germany). Cells were then resus-
pended in a-minimal essential medium (a-MEM Gluta-
MAX Supplement, no nucleosides; Invitrogen, Carlsbad,
CA, USA) containing 10% fetal bovine serum, 100 units/ml
penicillin, 100 pg/ml streptomycin and antimycotic, supple-
mented with 25 ng/ml human M-CSF and 50 ng/ml soluble
hRANKL (PeproTech EC, London, UK). Depending on the
amount needed, cells were seeded at a density of 3 x 10°
cells/well in 96-well plates, 5 x 10° cells/well in 6-well plates
or 40 x 10° cells in 10-mm plates and cultured for 21 days
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(unless otherwise noted); media and cytokines were chan-
ged twice a week. The presence of OCs was checked by
TRAP staining using the Leukocyte Acid Phosphatase
Assay Kit (Sigma-Aldrich, St. Louis, Missouri, USA) ac-
cording to the manufacturers instructions. Phalloidin/DAPI
staining enabled us to confirm that the populations were
highly enriched in multinuclear cells, some of which con-
tained more than 40 nuclei. We used several methods to
determine that on day 21 almost 85% of the nuclei detected
were osteoclastic nuclei (in polykaryons; nuclei, rather
than cells, were quantified). OCs (TRAP-positive cells with
three or more nuclei) were also analyzed at the mRNA
level: upregulation of key OC markers (CA2, CTSK,
MMP9, ACP5/TRAP and TM7SF4/DCSTAMP) and down-
regulation of the MO marker CX3CRI were confirmed.

Visualization of osteoclasts with phalloidin and DAPI
staining

Pure isolated CD14+ cells were seeded and cultured in
glass Lab-Tek Chamber Slides (Thermo Fisher Scientific,
Waltham, MA, USA) for 21 days in the presence of hu-
man M-CSF and human RANKL. OCs were then
washed twice with phosphate-buffered saline and fixed
(3.7% paraformaldehyde, 15 minutes). Cells were perme-
abilized with 0.1% (V/V) Triton X-100 for 5 minutes and
stained for F-actin with 5 U/ml Alexa Fluor® 647-
Phalloidin (Invitrogen). Cells were then mounted in
Mowiol-DAPI mounting medium. Cultures were visual-
ized by confocal laser scanning microscopy (Leica TCP
SP2 AOBS confocal microscope).

Flow cytometry

Cells were stained with fluorochrome-conjugated antibodies
against CCR1 (R&D Systems, reference FAB145A-100) and
TM7SF4 (R&D Systems, reference FAB7824-A) (Both anti-
bodies are from R&D Systems, Minneapolis, MN, USA) 0
and 4 days after RANKL/M-CSF stimulation. CCR1 and
TM7SF4 expression were monitored on a Gallios Flow Cyt-
ometer (Beckman Coulter, Pasadena, California, USA) and
analyzed by FlowJo software (Tree Star, Inc., Ashland,
Oregon, USA). All experiments were performed in triplicate
and bar graphs correspond to independent biological
samples.

MicroRNA expression screening and target prediction

Total RNA was extracted with TriPure (Roche, Basel,
Switzerland) following the manufacturers instructions.
Ready-to-use miRNA PCR Human Panel I V2.R from Exi-
qon (reference 203608) was used according to the instruc-
tion manual (Exiqon, Vedbeak, Denmark). Total RNA
(30 ng) was used for each RT-PCR reaction. Paired samples
of MOs at 0 (MO), 2 (OC 48 h) and 21 (OC) days after M-
CSF and RANKL stimulation were obtained from three fe-
male healthy donors (aged 25 to 28 years), and were
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analyzed with a Roche LightCycler® 480 real-time PCR sys-
tem. Results were converted to relative values using the
inter-plate calibrators included in the panels (log, ratios).
Average expression values of MO, OC 48 h and OC were
normalized with respect to the reference gene miR-103. A
t-test was then performed and differentially expressed miR-
NAs (fold change >2 or <0.5), with a significant P-value
(P<0.05) in at least one of the comparisons, were selected
and represented on a heatmap. The raw expression data are
listed in full in Additional file 1. The array expression data
were validated in the samples used (validation set), and in a
larger cohort of samples obtained from independent donors
(replication set) using Exiqon microRNA LNA™ PCR primer
sets (hsa-miR-99b-5p, reference 204367; hsa-miR-125a-5p,
reference 204339; hsa-miR-132-3p, reference 204129; hsa-
miR-212-3p, reference 204170; hsa-miR-103a-3p, reference
204063).

To predict the potential targets of the deregulated miR-
NAs, we used the algorithms from several databases: Tar-
getScan, PicTar, PITA, miRBase, microRNA.org, miRDB/
MirTarget2, TarBase, miRecords and StarBase/CLIPseq.
Only targets predicted by at least four of these databases
were retained for further analysis.

Bioinformatics analysis of expression data

To compare the expression data with the methylation
data, we used CD14+ and OC expression data from the
ArrayExpress database [44] (accession EMEXP-2019)
from a previous publication [32]. Affymetrix GeneChip
Human Genome U133 Plus 2.0 expression data were
processed using the limma and affy packages from Bio-
conductor. The pre-processing stage was divided into
three main steps: background correction, normalization
and reporter summarization. We chose the expresso
function of the affy package for preprocessing. Thus, the
robust multi-array average (RMA) method was used for
background correction. Quantile normalization was
then done. We also introduced a specific step for PM
(perfect matchprobes) adjustment, using the PM-only
model-based expression index (option pmonly). Fi-
nally, for the summarization step, the median polish
method was used. Next, variance filtering by IQR (inter-
quartile range) was carried out, taking 0.50 as the
threshold value. After preprocessing, data were analyzed
using the empirical Bayes moderated t-test available in
the limma statistics package. Expression data were vali-
dated by qRT-PCR.

Transfection of primary human monocytes with miRNA
inhibitors and p65 NF-kB siRNA

To perform the miRNA inhibitor experiments, we used
unlabeled miRCURY LNA™ microRNA Power inhibitors
to inhibit miR-99b (reference 4101513), miR-let-7e (ref-
erence 4103550), miR-125a (reference 4103094), miR-
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132 (reference 4103093), miR-212 (reference 4104787) or
a control (Negative Control A, reference 199006) Exiqon,
Vedbaek, Denmark. Power inhibitors (5 or 10 nM) were
transfected into CD14+ MOs using HappyFect Transfec-
tion Reagent (Tecan, Weymouth, UK) or Lipofectamine
3000 (Life Technologies). Cells were simultaneously incu-
bated in the presence of RANKL/M-CSF in the conditions
previously described. The efficiency of transfection was
quantified by flow cytometry using the 5'-fluorescein-la-
beled Negative Control A. For samples collected at 4 days
or after, we added a fresh aliquot of miRNA inhibitors
after 48 h. To silence p65, we used Silencer® Select Pre-
Designed siRNA (Life Technologies) against human RELA
(p65), targeting exon 11 (reference s11916) in parallel with
a Silencer” Select negative control in purified CD14+ MOs
in the presence of M-CSE, followed by stimulation with
RANKL (and M-CSF) 24 h after siRNA transfection. We
used Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen) for efficient siRNA transfection. mRNA and
protein levels were examined by qRT-PCR and western
blotting 1, 2, and 4 days after siRNA transfection. These
experiments were performed with at least three biological
replicates.

Luciferase assays

The putative miRNA binding sites in the 3" UTRs of
IGFIR, TNFAIP3, ITGA4, THBSI, IL15, and PTGS2 were
amplified by PCR from genomic DNA derived from CD14
+ cells. The PCR products were cloned into pGEM°-T
Easy Vector (Promega, Madison, Wisconsin, USA) and
four to seven point mutations were introduced into each
target site by site-directed mutagenesis. Each of the frag-
ments containing the 3" UTR of putative miRNA binding
sites was cloned into psiCHECK-2 vector (Promega).
293 T cells were cultured for 24 h and then co-transfected
using lipofectamine RNAimax with 10 ng of psiCHECK-2
vector containing wild-type or mutant 3° UTR plus 50
nM of miRNA power inhibitors per well. The luciferase
analysis was performed 48 h later using the Dual-
Luciferase Reporter Assay (Promega). Primers to clone
the 3" UTR of putative miRNA binding sites are listed in
Additional file 3.

Chromatin immunoprecipitation assays

For ChIP assays, CD14+ cells 0, 2 and 4 days after treat-
ment with M-CSF and RANKL were crosslinked with 1%
formaldehyde and subjected to immunoprecipitation after
sonication. ChIP experiments were performed as de-
scribed elsewhere [33]. Analysis involved real-time qPCR.
Data are represented as the ratio of bound fraction to in-
put for each specific factor. We used a mouse monoclonal
antibody against the carboxyl terminus of human NF-«B
p65 (sc-372, Santa Cruz Biotechnology, Dallas, Texas,
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USA). Primer sequences are shown in Additional file 3.
Experiments included three biological replicates.

Quantitative RT-PCR and western blotting

RNA was isolated by TRIzol extraction (Invitrogen) and
reverse-transcribed using SuperScriptTM II Reverse Tran-
scriptase (Invitrogen). Primers for conventional and qRT-
PCR were designed using Primer3 v.0.4.0 (Table S1 in
Additional file 1). gqRT-PCR was performed in triplicate
using LightCycler 480 SYBR Green Mix (Roche). PCR
reactions were run and analyzed using the LightCycler
480 II System (Roche). Expression values were normalized
against the expression of the endogenous gene controls
RPL38, HPRTI and GAPDH. Primers are listed in
Additional file 3.

For western blots, protein lysates were generated and
western blotting performed using standard procedures
using antibodies against phospho-Ser536 p65 (Cell Sig-
naling, 3033 Danvers, Massachusetts, USA), p65 (Santa
Cruz Biotechnologies, sc-372), IGF1R (Abcam, ab32823,
Cambridge, UK), PTGS2 (Abcam, ab15191), TNFAIP3
(Abcam, ab92324), IL15 (Abcam, ab7213), ITGA4 (Abcam,
ab81280), THBS1 (Thermo Scientific, MA5-13398), -
tubulin (Sigma, 1142) and total histone 3 (Abcam, ab1791).

Graphs and heatmaps

All graphs were created using Prism5 Graphpad (Graph-
Pad Software, San Diego, California, USA). Heatmaps
were generated from expression or methylation data using
the Genesis program (Graz University of Technology).

Data access

Raw data for microRNA expression profiling as obtained
following qRT-PCR amplification of Ready-to-use micro-
RNA PCR Human Panel I V2.R from Exiqon (reference
203608) is available in Additional file 1. It is also available
in NCBI's Gene Expression Omnibus through GEO Series
accession number GSE63773.

Additional files

Additional file 1: Raw data of miRNA expression profiling following
quantitative RT-PCR (qRT-PCR) amplification of Ready-to-use microRNA
PCR Human Panel | V2.R from Exigon (reference 203608) in a Roche
LC480 Il corresponding to pure CD14+ cells (MOs), and these cells at

48 h and 21 d after RANKL/M-CSF stimulation from three anonymous
individuals (D1, D2 and D3). Data are as follows: RAW crossing point (Cp)
values as produced by the qPCR system (columns B, D, F, N, P, R, Z, AB, AD),
RAW concentration (Conc) as produced by the gRT-PCR system (columns C, E,
G,0,Q, S, AA, AC, AE), concentration values relative to miR103 (housekeeping)
levels (columns H, 1, J, T, U, V, AF, AG, AH). The average of the three samples
for each cell type (MOs, OCs 48 h, OCs 21 d) (column K, W, Al), standard
deviation (column L, X, AJ).

Additional file 2: (A) Heatmaps corresponding to putative targets
for all miRNAs within the miR-99b/125a/let7e and miR-132/212
clusters using miRWalk. For a given prediction database (DIANAMT,
miRanda, miRDB, miRWalk, PICTAR4, PICTARS, PITA, RNA22, TargetScan)
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red corresponds to a positive match and blue indicates that it is not
predicted. Only those putative targets predicted with at least four
algorithms were used. (B) Overlap between the analysis with miRWAIk
and expression data [32], using those genes that are downregulated in
OC differentiation at least 0.5-fold. (C) Schematic representations of the
pairing between different miRNAs and the 3" UTR of different putative
target genes.

Additional file 3: Primer sequences.
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ABSTRACT

MicroRNAs (miRNAs) have negative effects on gene
expression and are major players in cell function
in normal and pathological conditions. Epstein-Barr
virus (EBV) infection of resting B lymphocytes re-
sults in their growth transformation and associates
with different B cell ymphomas. EBV-mediated B cell
transformation involves large changes in gene ex-
pression, including cellular miRNAs. We performed
miRNA expression analysis in growth transformation
of EBV-infected B cells. We observed predominant
downregulation of miRNAs and upregulation of a
few miRNAs. We observed similar profiles of miRNA
expression in B cells stimulated with CD40L/IL-4,
and those infected with EBNA-2- and LMP-1-deficient
EBV particles, suggesting the implication of the NF-
kB pathway, common to all four situations. In fact, the
NF-kB subunit p65 associates with the transcription
start site (TSS) of both upregulated and downregu-
lated miRNAs following EBV infection This occurs
together with changes at histone H3K27me3 and hi-
stone H3K4me3. Inhibition of the NF-kB pathway im-
pairs changes in miRNA expression, NF-kB binding
and changes at the above histone modifications near
the TSS of these miRNA genes. Changes in expres-
sion of these miRNAs also occurred in diffuse large
B cell lymphomas (DLBCL), which are strongly NF-
kB dependent. Our results highlight the relevance of

the NF-kB pathway in epigenetically mediated miRNA
control in B cell transformation and DLBCL.

INTRODUCTION

The Epstein-Barr virus (EBV) is one of the best studied
oncogenic human herpesvirus. The vast majority of the hu-
man population is infected by EBV. Fortunately, the most
common pattern of EBV infection is a clinically silent child-
hood infection and, generally, EBV establishes a perma-
nent latent infection without further complications. How-
ever, EBV has oncogenic potential, reflected by its ability
to growth transform B lymphocytes in vivo. EBV is asso-
ciated with different tumors, including several B cell lym-
phomas, and carcinomas of the stomach and the nasopha-
ryngeal cavity. EBV is considered to play a causative role in
Burkitt lymphomas although the mechanism remains elu-
sive (1). EBV has a less strict association with Hodgkin’s
lymphoma and diffuse large B cell lymphoma (DLBCL).
However, the great prevalence of these latter two lymphoma
types makes the study of the changes associated with EBV
infection of B-cells and biology particularly relevant to our
understanding of lymphoma pathogenesis.

In vitro, EBV efficiently immortalizes primary resting
B lymphocytes (RBLs), converting them into permanently
growing lymphoblastoid cell lines (LCLs). In vitro infec-
tion results in the activation of a specific viral gene expres-
sion program that involves expression of six nuclear anti-
gens (EBNA-1, -2, 3A, -3B, -3C and -LP), three membrane
proteins (LMP-1, -2A and -2B) and a set of 25 microRNAs
(miRNAs). Five of these proteins and several of the miR-
NAs s are essential for transformation. For instance, LMP-1
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is required to establish cell transformation in vitro (2) and
is required for continuous proliferation (3). It has also been
reported that members of the EBV miRNA cluster cooper-
ate to transform B lymphocytes (4). Infection of B cells with
EBV is similar to the physiological stimulation with CD40L
plus IL-4 (5), T cell-derived mitogens and in both cases in-
volves the activation of the NF-kB pathway. Dissection of
the cell pathways has shown that EBV can also make use of
the NF-kB pathway through LMP-2A in EBV-associated
epithelial carcinoma (6) and it is likely that LMP-2A could
have similar effects following infection of B cells.

EBV-mediated growth-transformation of B cells results
in major changes in gene expression and nuclear reor-
ganization. Changes in gene expression levels depend on
a variety of mechanisms including not only transcription
factor-mediated and epigenetic control (7) but also post-
transcriptional regulation, such as those dependent on viral
but also cellular miRNAs. We and other researchers have
previously investigated the effects of experimental infection
with EBV on epigenetic marks. For instance, EBV infection
leads to demethylation of genes within the B cell transcrip-
tion program (8) and contributes to the overexpression of
genes essential for transformation. Also, analyses of histone
modifications have shown that EBV infection results in both
global and gene-specific changes in different modifications,
which also contribute to key changes in gene expression dur-
ing the growth-transformation of B cells (9).

MicroRNAs are a class of non-coding genes with
broad influences on cellular signal transduction pathways.
They function by inhibiting translation of select groups
of mRNA transcripts containing imperfect annealing se-
quences in their 3’ untranslated regions (3’ UTRs) and, less
frequently, through other regions of the transcript. Previous
studies have shown that EBV infection results in upregula-
tion of several miRNAs. For instance, miR-34a is strongly
induced by EBV (10) and is associated with growth pro-
motion. It has also been demonstrated that miR-155 is up-
regulated following EBV infection. These miRNAs are also
strongly upregulated in B cell lymphomas (11,12) and it has
been proposed that miRNAs misregulation in lymphomas
could be used for diagnosis, prognosis or prediction of re-
sponse to specific therapies (13). As aforementioned, DL-
BCL is one of the B cell lymphoma types associated with
EBV (14) and also the most common type of lymphoma,
accounting for 30-40% of lymphomas in western countries.
On the basis of the correlation between microarray gene ex-
pression profiling and clinical outcome, it is now possible
to classify the majority of DLBCLs into molecular vari-
ants called activated B cell-like DLBCL (ABC-DLBCL)
and germinal center-like DLBCL (GC-DLBCL). A distin-
guishing feature of DLBCL is a signature of genes that are
induced by NF-kB, which is upregulated in ABC-DLBCL
(15) but not in GC-DLBCL.

We currently know little about the overall relevance of
miRNAs in EBV-mediated transformation of B cells and
about how much of the miRNA expression footprint in
B cell lymphomas is associated with EBV primary in-
fection. In this study, we investigated the deregulation
of human miRNAs during EBV-mediated transformation
of RBLs to LCLs, using a high-throughput strategy. We
observed significant upregulation of several miRNAs, al-

though miRNA downregulation was highly predominant.
Time-course analysis indicated that miRNA deregulation
occurs before cell proliferation, particularly for those that
become upregulated. Also, analysis of B cells infected with
EBV deficient in EBNA-2 and LMP-1, and with B cells
stimulated with IL-4/CD40L, revealed that similar changes
in miRNA expression occur, suggesting a potential role of
the stimulation of the NF-kB pathway that is common to
all these conditions. We showed that changes in miRNA ex-
pression occur in parallel with changes in histone H3K4me3
and H3K27me3. The involvement of NF-kB in miRNA
deregulation was demonstrated by the enrichment of the
binding motifs of the NF-kB complex subunits among the
genomic sequences of the miRNAs undergoing expression
changes, NF-kB p65 binding to miRNA promoters from
ChIP-seq data and the finding that p65 binds the promoters
of miRNAs following EBV infection. Moreover, we showed
that the use of NF-kB inhibitors impairs the expression
changes of these miRNAs, and abrogates both the associ-
ation of the NF-kB subunit p65 as well as changes in his-
tone modifications near the transcription start site (TSS) of
these miRNAs. We also observed a large overlap in miRNA
expression changes when comparing the profiles associated
with EBV-mediated transformation of B cells with the pro-
files obtained for DLBCL primary samples. miR NA expres-
sion changes are related to changes in the levels of targets
relevant to B cell transformation and in DLBCL. Our find-
ings identify a novel mechanistic link between NF-kB and
epigenetic regulation of miRNAs in EBV-mediated trans-
formation of B cells and their implications in this model and
in DLBCLs.

MATERIALS AND METHODS
Ethics statement

Human blood samples used in this study came from anony-
mous blood donors and were obtained from the Catalan
blood donation center (Banc de Sang i Teixits). The anony-
mous blood donors received oral and written information
about the possibility that their blood would be used for re-
search purposes, and any questions that arose were then an-
swered. Before giving their first blood sample the donors
signed a consent form at the Banc de Teixits, which ad-
heres to the principles set out in the WMA Declaration of
Helsinki. The protocol used to transform B cells from these
anonymous donors with EBV was approved by IDIBELL’s
Committee of Biosecurity (CBS) on 5 May 2011 and the
Ethics Committee of the University Hospital of Bellvitge
(CEIC) on 28 May 2011.

The study population consisted of a retrospective series
of de novo cases of DLBCL obtained from various centers
in Spain. The study was reviewed and approved as being of
minimal or no risk or as being exempt by each of the partic-
ipating institutional review boards, and the overall collabo-
rative study was approved by the institutional review board
of the Spanish National Cancer Research Centre (CNIO),
Madrid, Spain. The study protocol and sampling methods
were approved by the Instituto de Salud Carlos III insti-
tutional review board in de-identified anonymous format.
All cases positively stained for CD20. Cases diagnosed as



T cell histiocyte-rich B cell lymphoma, primary mediasti-
nal B cell lymphoma cases, cutaneous LBCL, intravascular
LBCL and those histologically associated with a follicular
lymphoma component were excluded.

Cells

Viable peripheral blood mononuclear cells were isolated
by Lymphoprep density gradient centrifugation from buffy
coats from anonymous blood donors. Resting B cells were
isolated by positive selection using CD19 MicroBeads (Mil-
tenyi Biotec), or by depletion using a B Cell Isolation Kit
(Miltenyi Biotec). For EBV-mediated transformation, iso-
lated B cells were immortalized with the supernatant of
the marmoset cell line B95.8 and with the EBV variant
2089 made from 293 cells carrying a recombinant B95.8
EBV genome (16). Preparations of the 2089 recombinant
wild-type EBV with a GFP (green fluorescent protein) vin-
sert or viruses deleted for LMP-1 and EBNA-2 (17) were
made from 293 cells carrying the recombinant B95.8 EBV
genomes, and transfected with 0.5 pg BZLF1 (p509) +
0.5 ng gpl10 (pRA). For B cell activation, isolated B cells
were cultured 5 x 10°/3 ml per well of a 6-well plate with
50 ng/ml CD40L (Enzo Life Sciences) and 50 ng/ml IL-4
(Gentaur) and the B cell blasts were split weekly in a 1:2
ratio. The percentages of activated and proliferating B-cells
were detected by CD86 expression measured by flow cytom-
etry and tritiated thymidine incorporation, respectively.

miRNA profiling and individual assays

For the miRNA expression analysis, cDNA synthesis and
real-time quantitative polymerase chain reaction (qPCR)
were performed using the miRCURY LNA Universal RT
microRNA PCR system (Exiqon, Denmark) according to
the manufacturer’s instructions. miRNAs were screened us-
ing Ready-to-Use microRNA PCR Human Panel I V2.R
from Exiqon. For each reverse transcriptase-PCR (RT-
PCR) reaction, 30 ng of total RNA were used. Samples
from RBLs and LCLs were analyzed in triplicates on a
Roche LightCycler 480 real-time PCR system. Results were
converted to relative values using the inter-plate calibrators
included in the panels (log 2 ratios). Samples with Cp val-
ues equal or higher than 37 were considered as having the
same value (i.e. 37 Cp), considering that above that thresh-
old the amount of a particular miRNA is negligible. RBL
and LCL average expression values were normalized with
respect to the reference miRNA miR-103. Differentially ex-
pressed miRNAs (log FC > 2 or log FC < —2) were se-
lected. Individual assays were also performed using probes
from Exiqon. Nucleolar RNAs RNU44 and RNU48 were
used for frozen samples assays.

Quantitative RT-PCR (qRT-PCR)

For qRT-PCR of cellular genes, cDNA was produced with
the SuperScript IT Reverse Transcriptase (Invitrogen Co).
Quantitative real-time PCR was done on a LightCycler 480
11 System using LightCycler 480 SYBR Green Mix (Roche).
Reactions were carried out in triplicate and qRT-PCR data
were analyzed using the standard curve method. We used
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the housekeeping gene RPL38 and HPRT1 as a control. All
primer sequences are listed in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP) assays

To test the binding of p65 NF-kB to miRNA promot-
ers, as well as changes in histone H3K4me3 and histone
H3K27me3, we performed ChIP assays as previously de-
scribed (18). We used a rabbit polyclonal against the C-t
of NF-kB p65 (sc-372, Santa Cruz Biotechnology), anti-
histone H3K4me3 (17-614, Millipore) and anti-histone
H3K27me3 (07-449, Millipore). Immunoprecipitated ma-
terial was used for analyses of specific sequences by qRT-
PCR (see primers sequences in Supplementary Table S1).

DNA methylation analysis

Bisulfite pyrosequencing (BPS) was performed according
to standard protocols and evaluated with the Pyro Q-
CpG 1.0.9 program (Biotage, Uppsala, Sweden). Primer se-
quences for BPS PCR reactions are shown in Supplemen-
tary Table S1.

ChIP-seq analysis

ChIP-seq sources and data processing. Sources of ChIP-
seq data are detailed in Supplementary Table S2. We down-
loaded either aligned BED or BAM format files from public
databases. BAM files were converted to BED format using
BETools (bamToBed function) (19). When there was more
than one replicate, they were concatenated to obtain wider
coverage and greater sequence depth.

Analysis of differential association of histone modifications.
Differential association (increased or decreased genomic lo-
cation) of H3K4me3, H3K27me3 and H3K9me3 was ana-
lyzed using the MACS program (version 2.0.9; macs2diff
function) (20) using the parameter settings: -g hs -nomodel
-shiftsize = 75 -bdg -a 4 -q 0.005. Therefore, the ¢g-value cut-
off was established as 0.005. MACS’ macs2diff function es-
tablishes differential regions by comparing two treatment
files corresponding to two conditions (in this case, lym-
phoblastoid cells and resting B cells), and comparing each
of them against corresponding control ‘Input’ files. This
comparison generates an output containing a list of ‘differ-
entially bound locations’ with a ‘differential score’ (—logg
g-value), where a positive number means that the signal in
lymphoblastoid cells is higher than in resting B cells, and
a negative number means the opposite. Higher scores indi-
cate a greater difference between the two cell types. Unique
and consistently found differentially bound locations were
considered for further analysis, e.g. correlation with expres-
sion. However, differential locations with a score (—logjg ¢-
value) of exactly zero were excluded from the analysis. When
more than one replicate of the aligned file was present, they
were merged to ensure wider coverage and greater sequenc-
ing depth. Significantly differentially bound locations were
annotated to the closest EnsEMBL (version-65) transcripts
and genes (21) using BEDTools (closestBed function) (19).
We calculated the Pearson’s correlation coefficient between
the differentially bound location scores, in which negative



11028 Nucleic Acids Research, 2014, Vol. 42, No. 17

and positive values respectively indicate decreased and in-
creased location scores in lymphoblastoid cells/resting B
cells comparisons. Normalized read density wig files were
produced using JavaGenomics Toolkit (http://palpant.us/
java-genomics-toolkit/) and were used in UCSC (University
of California, Santa Cruz) genome browser (http://genome.
ucsc.edu/) to visualize read-density peaks around miRNA
TSS.

Transfection with miRNA mimics and siRNAs

A total of 5 nM miRNA mimics (Ambion) were trans-
fected into LCLs using Lipofectamine RNAiMAX reagent
(Invitrogen) following the manufacturer’s protocol. Exper-
iments were also performed using 5 nM control mimic. To
silence p65, we used Silencer Select Pre-Designed siRNA
(Life Technologies) against human RELA (p65), targeting
exon 11 (ref. s11916) in parallel with a Silencer Select neg-
ative control in purified CD19+ cells, followed by addi-
tion of the EBV-containing supernatant 4 h after the cells
were transfected with the siRNA. We used Lipofectamine
RNAIMAX Transfection Reagent (Invitrogen) for efficient
siRNA transfection. mRNA and protein levels were ex-
amined by qRT-PCR and western blot 2 and 3 days after
siRNA transfection.

Cell proliferation and apoptosis assays

To test the effects of transfection of specific mimics on
DNA synthesis, we measured incorporation of 5-bromo-
2'-deoxyuridine (BrdU) 48 h after miRNA transfection.
Cells were incubated in 15 puM BrdU during 30 min. Cells
were fixed with 70% ethanol 1 h and permeabilized (phos-
phate buffered saline (PBS)-bovine serum albumin-Triton
X-100 0.8% (PBT), 10 min, RT) and treated with 2 M HCI
for 30 min, After DNA opening, HCI was neutralized by
two 5-min washed with NaBo (0.1 M, pH 8.5) and two
5-min washes with PBT. Cells were incubated with anti-
BrdU antibody (18 h at 4C, 1:1000 dilution) and anti-
mouse Alexa-488 conjugated antibody was added to vi-
sualize the BrdU-positive nuclei. Cells were analyzed us-
ing fluorescence-activated cell sorting (FACS) (Beckman
Coulter) and FlowJo software (Tree Star, Inc.). We also
measured [3H]-thymidine incorporation, 48 h after miRNA
transfection, cells were pulsed with 1 ml [3H]-thymidine
(0.4 mCi/ml) for 4 h at 37C°. After washing three times
with PBS, cells were incubated with 1 ml ice-cold 5%
trichloroacetic acid (TCA) for 15 min at 4C°, washed three
times with absolute methanol, air dried and the TCA-
precipitable fraction was solubilized in 500 ml of 0.1 M
NaOH-1% sodium dodecyl sulphate. [3H]-thymidine incor-
poration was determined with a scintillation counter. We
used tetramethylrhodamine methyl ester (TMRM) to mea-
sure apoptosis. Forty eight hours after transfection with
mimics, cells were incubated during 4 h with etoposide. Cells
were washed two times with PBS and incubated 30 min at
37C° with TMRM. Cells were analyzed using FACS (Beck-
man Coulter) and FlowJo software (Tree Star, Inc.).

Differential analysis from expression beadchips

Expression data were downloaded from NCBI (National
Center for Biotechnology Information) GEO database (22)
with accession number GSE30196 (23). Authors investi-
gated global gene expression profiles in peripheral blood;
hence, in this paper we focused on the samples of LCLs,
and CD19-specific B cell subsets. Data analysis was per-
formed on statistical environment R (24), using Bioconduc-
tor Package Genefilter with the purpose of applying non-
specific filtering by IQR (interquartile range). Then first,
processed data was utilized directly, the threshold for IQR
was set to 0.5 and a Welch’s ¢-test was carried out. Subse-
quently, data were selected taking a cut-off of P-value below
0.01, FDR (False Discovery Rate) below 0.05 and establish-
ing fold-change value above 1.4 for overexpressed data and
below 1/1.4 for downregulated genes.

miRNA target prediction

To predict the potential targets of the dysregulated miR-
NAs, we used the algorithms available in miRWalk database
(25), including information produced by eight established
miRNA prediction programs on 3’ UTRs of all known
genes of Human: RNA22, miRanda, miRDB, TargetScan,
RNAhybrid, PITA, PICTAR and Diana-microT. Only
those targets predicted by at least three databases were con-
sidered for further analysis.

Differential expression analysis of microRNA microarrays

Microarray Expression data are Agilent Human Mi-
croRNA microarray and come from a study by Martin-
Pérez et al. (26) and data for lymph nodes (LN) (GSE23026)
from the same research team. Data were processed and ana-
lyzed in R environment (24), using package AgimicroRNA
(27) for processing microarrays and limma (28) for differen-
tial analysis. Thus, the workflow would be: (i) Preprocess-
ing microarray using background method ‘half’, which es-
tablishes a value for negative data. (ii) Quantile normaliza-
tion (iii) and default filtering method removing control and
non-quality probes. (iv) An experimental Bayes moderated
t-statistics test was carried out from limma package in order
to observe differential expression in such data.

Putative binding of NF-kB motifs

Possible occurrence of NF-kB subunit binding motifs in the
region comprising 1000 bp upstream and 1000 bp down-
stream with respect to TSS was inspected using TRANS-
FAC matrices. The matches of the sequences against the
set of TRANSFAC matrices were performed using R envi-
ronment, specifically the functions countsPWM and match-
PWM contained in the Bioconductor package Biostrings.

Graphics and heatmaps

All graphs were created using Prism5 Graphpad. Heatmaps
were generated from the expression data using the Genesis
program from Graz University of Technology.



RESULTS

Screening of miRNAs during EBV-mediated conversion of
RBLs to LCLs

To investigate the participation and role of miRNAs in
EBV-mediated transformation of RBLs we first performed
miRNA profiling with a qPCR-based panel containing over
375 miRNAs. The analysis included CD19+ samples before
and after EBV infection, once they had become LCLs. For
this analysis, we performed two independent sets of exper-
iments with two forms of the EBV, the B95.8 strain and
the 2089 form of EBV that infects B cells very efficiently
(16), performing both in duplicate. Analysis of the results
showed significant changes in expression of 34 miRNAs
(Figure 1A and Supplementary Table S3). Remarkably, we
observed predominant downregulation of miRNA expres-
sion. Specifically, 24 miRNAs displayed significant down-
regulation (including miR 150, miR 199a-5p, miR-223, miR-
28-5p, miR451), whereas only 10 miRNAs became upregu-
lated (including miR-551b, miR-34a, miR-155, miR-193b,
miR-365).

Several of the upregulated and downregulated miRNAs
have been previously described as being involved in the
transformation of B cells or in lymphomagenesis. For in-
stance, miR-155 is overexpressed during the acquisition
of EBV-mediated latency III (29,30), and selective inhibi-
tion of miR-155 function specifically inhibits the growth of
LCLs and DLBCL (31). Also, miR-34a has been shown
to be strongly induced by EBV infection and expressed in
many EBV and Kaposi’s sarcoma-associated herpesvirus-
infected lymphoma cell lines (10) and its inhibition impairs
the growth of EBV-transformed cells. Of the downregulated
miRNAs we identified miR-150, previously described as
displaying an extremely low level of expression in Burkitt
lymphoma cells and as inducing differentiation when ec-
topically expressed in Burkitt lymphoma lines (32).

We then performed qRT-PCR with specific LNA probes
to test individual expression changes of those miRNAs dis-
playing the largest changes between RBL and LCL, con-
sidering their potential relevance in the transformation pro-
cess based on previous data. Comparing the levels of these
miRNAs between RBLs and LCLs confirmed the results
obtained in the high-throughput screening (Figure 1B). To
determine the dynamics of changes in expression of these
miRNAs we used the 2089 EBV strain (16), given that this
strain yields a high level of infection and over 90% of B cells
are positive for EBV transcription factor EBNA-2 a few
hours after being exposed to the virus. Time-course anal-
ysis of expression showed that several of the miRNAs dis-
played changes even 24 h post-infection (for instance, miR-
155 and miR-34a), before proliferation had started (Figure
1C), indicating that at least changes in these miR NAs might
be related to the activation process or initial transformation
steps.

To test the specificity of the changes in miRNA expres-
sion associated with EBV-mediated proliferation as well as
the potential role of EBV proteins we screened in three
additional conditions. First, we screened for B cells stim-
ulated with IL-4 and CD40L, given that EBV-mediated
transformation and B cell activation share common path-
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ways (33). We found similar levels of cell activation, mea-
sured by cytometry analysis of the CD86 surface marker in
IL-4/CD40L-stimulated cells and EBV-infected B cells (re-
sults not shown, but similar to those previously shown, see
(9)). In parallel, we stimulated B cells with two recombinant
forms of EBV in which the LMP-1 and EBNA-2 genes, the
two best characterized EBV-encoded proteins, are deleted.
Under these conditions, cells undergo a few divisions but
do not acquire the capability of unlimited growth. Compar-
ison of the miRNA expression levels of these three sample
sets yielded similar profiles to those obtained with wild-type
EBYV (Figure 1D and Supplementary Table S4). In all cases,
we observed a very similar profile for the set of upregulated
miRNAs. In the case of downregulated miRNAs, we ob-
served more variability, but in general the majority of miR-
NAs displayed changes in the same direction than the ones
observed for wild-type EBV. These results suggest that all
four conditions share a common pathway. It is well known
that NF-kB is a common pathway for both IL-4/CD40L-
stimulation and EBV infection, making it a strong candi-
date, even as a direct transcriptional regulator for some of
them, to be that responsible for the changes observed in the
panel of miRNAs. In fact, some of the misregulated miR-
NAs, like miR-155 (34), have previously been associated
with the NF-kB pathway. It is also known that EBNA-1-
and LMP-1-deficient EBV can still make use of the NF-kB
pathway through LMP-2A (6). We also performed individ-
ual qRT-PCR analysis of the top upregulated and downreg-
ulated miRNAs at 24 h and 7 days post-infection of sam-
ples generated with wild-type EBV, EBNA-2- and LMP-1-
deficient viral particles and samples generated through IL-
4/CDA40L activation. This enabled us to confirm that all
four conditions have very similar effects on the changes that
these miRNAs underwent (Figure 1E).

Transcriptional and epigenetic control of miRNAs associated
with EBV-mediated transformation of B cells

To determine whether miRNA expression changes ob-
served during RBL to LCL conversion are a consequence
of transcriptional regulation or due to modulation of
miRNA stability, we determined by qRT-PCR the levels
of long miRNA precursors, termed primary miRNAs (pri-
miRNAs), during this process. The analysis of these pre-
cursors revealed similar dynamics in the changes to mature
miRNAs levels, and most of the pri-miRNAs showed in-
creased or decreased levels even before 24 h, indicating that
these miRNAs are subject to transcriptional activation con-
trol (or repression). In the case of miR-199a we checked the
pri-miRNAs corresponding to its two genomic locations,
and only miR-199al (located in chromosome 19) displayed
the expected changes in expression, discarding the other one
as responsible for the observed changes in the mature form
of this miRNA (Figure 2A).

The existence of transcriptional control in mediating the
observed changes in miRNA expression suggests the po-
tential participation of epigenetic mechanisms, together
with changes in association of transcription factors. Pre-
vious results from our team had demonstrated the exis-
tence of DNA demethylation events in association with
EBV-mediated transformation (8) as well as changes in his-
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Figure 1. MicroRNA expression profiling during RBL-to-LCL transformation. (A) Heatmap including the data for the two RBL/LCL pairs of samples
showing differential expression of miRNAs for each of the EBV systems (B95.8 EBV strain, left, and 2089 EBYV strain, right). Only those miRNAs with
an FC > 2 or FC < 0.5 were selected. Similar patterns of miRNA expression changes were obtained in the two situations. (B) Individual analysis of the
top five upregulated and downregulated miRNAs upon B95.8 EBV infection using LNA probes and qRT-PCR. (C) Time-course analysis of the miRNA
expression changes in the top upregulated and downregulated miRNAs using LNA probes and qRT-PCR. In this case we used the 2089 EBV strain, which
has a very high yield of infection. (D) Heatmap showing differential expression of miRNAs between B cells after four different treatments (infected with
wild-type 2089 EBV, EBYV deficient for LMP-1, EBV deficient for EBNA-2 and stimulated with 1L-4 /CD40L) with respect to resting B cells. The data
represented in the heatmap correspond to the average of the fold change for each case. Similar patterns of miRNA expression were found in all samples.
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Figure 2. Transcriptional and epigenetic control of miRNAs in EBV-mediated transformation of RBLs. (A) qRT-PCR analysis of miRNA precursors
(primary miRNAs) for the top five upregulated and downregulated miRNAs at different times (3 h, 1, 3, 7 days and LCLs) following infection of RBLs
with EBV (2089 EBV strain). (B) Scheme depicting the genomic localization of selected miRNAs. Each empty square represents the mature form of a
given miRNA. TSSs are indicated with an arrow. TSS locations were predicted using miRStart (http://mirstart.mbe.nctu.edu.tw/) (25). (C) Analysis of
DNA methylation changes in CpGs by pyrosequencing. For each miRNA 2-8 consecutive CpGs were analyzed in RBLs and LCLs. The location of the
analyzed CpGs is represented on top in relation with the TSS (indicated by an arrow). (D) Comparison of the ChIP-seq profiles for H3K4me3, H3K27me3
and H3K9me3 between RBLs and LCLs for all miRNAs of our study. A window of 5000 bp was inspected. The values correspond to the ratio between
LCL and RBL of the average value using 50 bp segments within the 5000 bp window of each miRNA. Log2 values are represented. (E) Examples of the
comparison of the ChIP-Seq profiles of two histone modifications (H3K4me3, active transcription; H3K27me3, repression) for one upregulated miRNA
(miR-193b/miR-365) and one downregulated miRNA (miR-451) in RBLs and LCLs.
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tone modifications like H3K27me3 and H3K9me3 (9). We
therefore tested the epigenetic profile around the TSS of
several upregulated and downregulated miRNAs. To this
end we first determined the TSS of all miRNAs display-
ing expression changes using miRStart (Figure 2B) (25).
We then investigated the possible existence of DNA methy-
lation changes near the TSS using BPS. For instance, for
miR-155, one of the upregulated miRNAs, we found no de-
tectable levels of methylation in the four CpG sites near its
TSS in either RBLs or LCLs (Figure 2C). Other examples
of miRNAs tested for methylation near the corresponding
TSS included downregulated miRNAs like miR-223, miR-
199a and miR-150, in which we observed variable levels of
DNA methylation but no differences were found between
RBL and LCL (Figure 2C). In summary, we did not observe
any changes in DNA methylation at the TSS associated with
miRNAs.

We also tested the levels of histone modifications like
histone H3K4me3, H3K27me3 and H3K9me3, which are
associated with transcriptional activation and repression,
respectively. To this end, we compared ChIP-seq data be-
tween RBLs and LCLs (GSE19465 for RBLs, ENCODE
data for GM 12878 for LCLs, described in detail in the Ma-
terials and Methods). We noted changes in these marks
that were compatible with those observed in the expres-
sion of these miRNAs. A general analysis across all up-
and downregulated miRNAs revealed that both H3K4me3
and H3K27me3 show significant changes that are consis-
tent with the change in expression (Figure 2D and Sup-
plementary Table S5). Specifically, upregulated miRNAs
generally displayed an increase in histone H3K4me3 and
a decrease in histone H3K27me3, whereas downregulated
miRNAs exhibited higher levels of histone H3K27me3 and
lower levels of histone H3K4me3 (Figure 2D). In contrast,
changes in H3K9me3 are less associated with the miRNA
expression changes. For instance, we observed that miR-
NAs like miR-193b/miR-365, which become upregulated
during RBL-to-LCL transformation, display an increase in
H3K4me3 and a decrease in H3K27me3 (Figure 2E). For
downregulated miRNAs, such as miR-223, miR-150 and
miR-451 (Figure 2E and Supplementary Figure S1), the de-
crease in H3K4me3 was more evident than the increase in
H3K27me3. In summary, our findings reinforce the notion
of the existence of mechanisms that control gene transcrip-
tion, which might complement the effects of direct control
by transcription factors, including those involved in the NF-
kB pathway.

NF-kB is directly involved in regulation of both upregulation
and downregulation of miRNAs in RBL-to-LCL transforma-
tion

To explore the potential involvement of the NF-kB path-
way in the observed changes in miRNAs during the trans-
formation of B cells we did several analyses. First, we in-
vestigated the enrichment of the consensus sites for NF-kB
subunits (p65, p50, c-rel, etc.) in a window of 1000 bp up-
stream and downstream with respect to the TSS of miRNAs
(determined from the miR Start database) (25). This showed
these consensus binding sites to be present in the majority
of miRNA TSSs (Supplementary Figure S2). We then de-

termined the presence of peaks of p65 subunit of NF-kB
and RNA pol IT binding from ChIP-seq experiments in the
proximity of the TSSs of all miRNAs using public data sets
(see Supplementary Table S2). This revealed the presence
of p65 peaks in 7 out of 10 upregulated miRNAs and 11
out of 24 downregulated miRNAs, indicating that p65 NF-
kB is physically associated with the TSS of both upregu-
lated and downregulated miRNAs and, therefore, perhaps
involved both in activation and repression of miRNAs (Fig-
ure 3A and Supplementary Figure S3). To further explore
the involvement of the NF-kB pathway in the activation and
repression of these miRNAs, we treated RBLs with two dif-
ferent NF-«kB inhibitors: Bay 11-7082 and sodium auroth-
iomalate (SATM) and investigated the effects on the expres-
sion changes on the aforementioned miRNAs. Bay 11-7082
has been commonly used as a specific NF-kB inhibitor, al-
though recent data have questioned its specificity (35,36).
SATM forms gold adducts with the cysteine residues of
IKK (37) although its use as a NF-kB inhibitor has been
more restricted. We first set up the concentration for each
inhibitor by using LCLs and a wide range of concentrations.
We selected 10 pM for Bay 11-7082 and 500 pM for SATM.
Both compounds were able to impair changes in expression
of upregulated and downregulated miRNAs, although Bay
11-7082 has a higher effect (Supplementary Figure S4 and
Figure 3B), reinforcing the notion of the role of this path-
way in mediating misregulation of these miRNAs.

We then confirmed the presence of p65 NF-kB at the TSS
of these miRNAs, by performing ChIP assays with anti-p65
antibodies in CD19+ cells before and 72 h after infection
with EBV and investigated the association of p65 at the ge-
nomic sequence around the TSS of both miRNAs that be-
come upregulated (miR-155, miR-34a and miR-193b) (34)
and downregulated (miR-199a, miR-150 and miR-451), fo-
cusing on sequences that display binding motifs for NF-kB.
We also used the 7.SH2 B as negative control. Interestingly,
we observed specific enrichment of p65 at 72 h after EBV
infection in both upregulated and downregulated miRNAs
genes (Figure 3C), demonstrating the EBV-dependent asso-
ciation of p65 to both sets of miRNAs. Interestingly, bind-
ing of p65 was abrogated upon treatment with the NF-kB
pathway inhibitor SATM (Figure 3C). For this and the fol-
lowing experiments we used SATM instead of Bay 11-7082,
because the latter induces cell death, as also reported by oth-
ers (38).

Finally, to test the implication of NF-kB in the histone
modification-mediated regulation of these miRNAs we per-
formed ChIP assays with the two histone modifications
which had displayed significant changes in relation with
their increase or decrease at the TSS of these miRNAs, i.e.
histone H3K4me3 and histone H3K27me3. ChIP assays
confirmed the decrease of histone H3K27me3 in miRNAs
that become upregulated and their increase in miRNAs that
are downregulated (Figure 3D, top). In contrast, we ob-
served and increase of histone H3K4me3 in miRNAs that
become upregulated, although changes in miRNAs that be-
come downregulated were less strict (Figure 3D, bottom).
These changes were partially or totally abrogated in the
presence of NF-kB pathway inhibitor SATM (Figure 3D).
These changes were not observed at control genes that are
not targeted by p65 (Figure 3D).
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Figure 3. NF-kB dependence of miRNA expression changes. (A) ChIP-Seq analysis for NF-kB p65 and pol II in LCLs around the TSS of selected
miRNAs, one upregulated (miR-155) and two downregulated (miR-34a and miR-451). (B) Effects of one of the NF-kB pathway inhibitors, SATM (at 500
wM), in the levels of selected upregulated and downregulated miRNAs in a time-course analysis of B cells infected with EBV. (C) ChIP assays for the above
miRNAs showing the binding of the NF-kB p65 and pol I in B cells infected with EBV after 3 days and once they have become LCLs, as well as the effect
following treatment with NF-kB pathway inhibitor SATM at two concentrations (500 .M and 1 mM). (D) ChIP assays demonstrating changes in histone
H3K4me3 and histone H3K27me3 at the TSS of upregulated and downregulated miRNAs, as well as the effect following treatment with 1 mM SATM.
(E) Effects of siRNA on p65 levels in B lymphocytes following transfection and EBV infection after 2 and 3 days, as analyzed by qRT-PCR (relative to the
combined levels of the RPL38 and HPRT1 genes) and western blot (B-actin as loading control). Control samples correspond to B lymphocytes transfected
with a control siRNA and were also infected with EBV. (F) Effect of p65 depletion on the expression changes of selected upregulated and downregulated
miRNAs in a time-course analysis of B cells infected with EBV. (G) Effect of p65 depletion on their recruitment near the TSS of miRNAs, as demonstrated

by ChIP assays.
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Given the limited specificity of the two above inhibitors,
as an unequivocal test of a potential causal relationship
between NF-kB and miRNA expression changes in EBV-
mediated B lymphocyte transformation, we investigated the
consequences of ablating p65 expression in RBLs. To this
end, we downregulated p65 levels in RBLs using transient
transfection experiments with an siRNA that targets exon
11 of p65. In parallel, we used a control siRNA. Follow-
ing transfection we infected both control siRNA- and p65
siRNA-treated cells with EBV. Under these conditions, we
used qRT-PCR and western blot to check the effects on p65
levels 48 and 72 h after EBV infection. By this means, we
were able to confirm that the level of p65 downregulation
was close to 40% at 72 h at both mRNA and protein lev-
els (Figure 3E). We examined the expression levels of these
miRNAs following p65 depletion and found that both up-
regulation and downregulation of the miRNAs was par-
tially impaired following siRNA-mediated p65 depletion
(Figure 3F). We confirmed that siRNA-mediated downreg-
ulation of p65 resulted in decreased binding of p65 to the
miRNAs-associated TSS (Figure 3G).

Together, our findings indicate that NF-kB is involved in
both activation and repression of miRNAs, and that this
process is mediated by changes in histone H3K4me3 and
histone H3K27me3. Most of the reports have demonstrated
a role for NF-kB as a transcriptional activator, although it
has also been reported that it can act as a repressor (39).

Analysis of miRNA expression in B cell lymphomas

As indicated, the pathogenic role of EBV and lymphomas
is well established for Burkitt, Hodgkin and DLBCL, al-
though the latter two have a less strict association than
Burkitt lymphomas. On the other hand, of the lymphoid
malignancies, those most clearly associated with NF-kB
pathway are the ABC subgroup of DLBCL (40), Hodgkin
lymphomas, primary mediastinal B cell lymphomas, gas-
tric MALT lymphomas and multiple myeloma. Given these
two facts, we decided to explore the relationship between
the miRNAs whose expression changes in EBV-mediated
transformation of RBLs and those obtained when compar-
ing DLBCLs with normal LN, which are enriched in B cells.
To this end, we first compared the expression status of the
selection of the upregulated and downregulated miRNAs
analyzed above and compared a cohort of 18 samples corre-
sponding to DLBCL and 17 samples corresponding to con-
trol LN (Figure 4A). This comparison revealed that miR-
155 is also upregulated in DLBCLs compared with LN and
that miR-150, miR-199 and miR-28 are significantly down-
regulated in DLBCL with respect to LN. In parallel, we also
used the miRNA expression data for DLBCL obtained by
Martin-Pérez et al. (26); and LN (GSE23026) from the same
research team and obtained the expression changes between
these two groups. This comparison allowed us to confirm
the data obtained by individual analysis of selected miRNA
and identified additional miRNAs displaying a significant
change in expression when comparing DLBCLs with LN
similar to that observed during the EBV-mediated trans-
formation of RBLs (Figure 4B and Supplementary Table
S6). We also performed this analysis by separating the two
DLBCL subgroups, ABC DLBCL and GC DLBCL. Inter-

estingly, for the miRNAs that are misregulated in response
to EBV-mediated transformation, we observed similar pat-
terns of miRNA expression for both groups (Supplemen-
tary Figure S5).

Functional effects of miRNAs in EBV-mediated transforma-
tion of B cells and in DLBCLs

Changes in the levels of miRNAs are likely to affect the
levels of their targets. To identify miRNA targets, we re-
trieved a list of putative targets using miRWalk (41), which
contains prediction databases like TargetScan (42), miRDB
(43) and others, as well as information about validated tar-
gets. We then linked the list of potential targets with expres-
sion data from RBL versus LCL comparisons (GSE30916)
(23) and with expression data corresponding to a cohort of
17 DLBCL samples and 7 control LN (44), assuming an
inverse relationship between the levels of a given miRNA
and the expression levels of its targets. To select targets we
chose those predicted with a minimum of three hits in differ-
ent databases from miRWalk and at least 2-fold change for
overexpressed genes or 0.5-fold change for downregulated
genes (Figure SA and Supplementary Table S7). We concen-
trated our efforts on those miRNAs for which we had ob-
served changes in the same direction when comparing RBL
versus LCLs and DLBCL versus LN, i.e. miR-155, among
the tested upregulated miRNAs, and downregulated miR-
NAs mir-199a-5p, miR-28-5p and miR-150. We observed a
number of putative targets relevant to B cell transformation.
For instance, MKI167 and TRAFI are targeted by miR-150,
miR-199a-5p and miR-28-5p. M K167 encodes for a protein
that is considered a classical marker for cell proliferation
(45) and TRAF]1 is a key factor in EBV-mediated transfor-
mation (46) and in lymphomagenesis (47). Other examples
include MCM10 and CCNDI also targeted by miR-199a-
5p, PBK, that promotes tumour cell proliferation through
p38 MAPK activity (48) that is targeted by miR-28-5p and
cyclin genes CCNDI and CCND?2 targeted by miR-150. We
confirmed changes in expression of these targets over a time
course in B cells following EBV infection (Figure 5B).

To confirm the direct effects of the aforementioned miR-
NAs on the levels of their putative targets, we focused on the
downregulated miRNAs. We transfected mimics for miR-
150, miR-199 and miR-28 in LCLs. The transfection effi-
ciency of mature miRNAs was assessed by FACS analysis
using control fluorophore-labeled miR NAs, which revealed
that over 88% of LCLs became positive (Figure 5C). qRT-
PCR of each miRNA showed peak high expression levels
with respect to untransfected LCLs at 24 and 48 h (Figure
5C). We then investigated the effects on the mRNA levels
of their targets. Several of these targets had significantly re-
duced mRNA levels following mimic transfection (Figure
SE), indicating a role of the changes in these miRNAs with
respect to their levels.

Finally, we tested the effects of these miRNAs on cell pro-
liferation and apoptosis. We first tested the impact of trans-
fecting DLBCL cell line MD901 with mimics for miR-155
(upregulated during EBV-mediated B cell transformation),
miR-150, miR-199 and miR-28 (downregulated) measuring
incorporation of BrdU or tritiated thymidine. We were un-
able to observe any significant effect on cell proliferation
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Figure 4. Comparison of the miRNA expression changes in primary DLBCLs. (A) Individual analysis of selected miRNAs in DLBCL and LN (negative
control) cases using LNA probes and qRT-PCR. EBV positive and negative DLBCL cases are indicated. Fold changes were statistically significant for one
upregulated miRNA (miR-155) and three downregulated miRNAs (miR-199a, miR-28 and miR-150) (***P < 0.0001). (B) Comparison of the miRNA
expression data obtained by using a high-throughput analysis for miRNAs in a cohort of DLBCLs (26) and controls (LN) (GSE23026). Black and light
gray bars correspond to upregulated and downregulated miRNAs respectively from the RBL versus LCL comparison.
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Figure 5. Expression changes of miRNA targets in EBV-mediated transformation of B cells and DLBCL. (A) Heatmap including expression data of
putative targets in the RBL versus LCL and DLBCL versus LN comparisons. Represented targets include those predicted for at least 3 of 10 prediction
algorithms (DIANA-mT, miRanda, miRDB, miRWalk, RNAhybrid, PCTAR4, PICTARS, PITA, RNA22, TargetScan) in the miRWAIk program. Putative
targets were compared with expression data from microarray data of RBL versus LCL (FC > 2, P < 0.05) and DLBCL versus LN (FC > 1.3, P < 0.05). Only
targets common to both processes were represented. (B) Individual analysis for selected targets using qRT-PCR and a time-course series of B cells following
EBYV infection. (C) Efficiency of the experiments of miRNA mimic transfections. (D) Summary table indicating the miRNA /targets analyzed in functional
experiments. (E) Effects of the introduction of mimics in LCLs for selected miRNAs (miR-150, miR-199a-5p and miR-28-5p) in the expression levels of
their targets. (F) Analysis of tritiated thymidine and BrdU incorporation on MD209 cells following transfection with selected miRNA mimics (miR-155,
miR-150, miR-199a-5p and miR-28-5p) and a control miRNA mimic (G) Analysis of apoptosis levels following transfection with the aforementioned
selected miRNA mimics and measured by TMRM fluorescence.



(Figure 5F). In contrast, when we investigated the effects on
induced apoptosis following transfection with these mimics,
we observed that ectopic expression of miR-155 increased
the resistance to apoptosis, whereas overexpression of miR-
150, miR-199 and miR-28 increased the levels of apoptotic
cells (Figure 5G), indicating that their downregulation fol-
lowing infection with EBV reduces the propensity to un-
dergo apoptosis during EBV-mediated transformation of B
cells.

DISCUSSION

Our results provide evidence of the existence of widespread
changes of miRNA expression in association with EBV-
mediated transformation of RBLs. It is notable that down-
regulation of miRNAs is predominant with respect to
miRNA overexpression. In addition, comparison of these
results with those obtained by activating and inducing pro-
liferation with the T cell-derived mitogens CD40L and IL-
4, as well as with EBV particles deficient for EBNA-2 and
LMP-1, suggests that the process is driven by a pathway that
is common to all four situations, i.e. the stimulation of the
NF-kB pathway. This hypothesis is reinforced by our find-
ings on the presence of binding motifs of NF-kB subunits,
NF-kB p65 ChIP-seq data near the TSS of miRNAs, ChIP
assays on selected up- and downregulated miRNAs, as well
as results about the inhibition of this pathway and the ef-
fects on miRNA levels and reduced p65 binding. Several
of the miRNA targets are related to cell transformation or
proliferation. In addition, the significant overlap between
the miRNA expression changes in EBV-related B cell trans-
formation and DLBCL versus LN reinforces the notion of
the relevance of this pathway to B cell transformation and
especially in lymphomagenesis.

Several studies have previously addressed the effects of
EBYV infection on the miRNAs of host B cells. Changes in
various miRNAs have been described, including upregula-
tion of miRNAs like miR-155 (29,30) and miR-34a (10),
and downregulation of miRNAs like miR-150 (32). Our
own data have shown changes in these miRNAs as well.
The global analysis shows that miRNA downregulation is
predominant with respect to miRNA upregulation. miR-
NAs have negative effects on gene expression, so an overall
decrease in miRNA levels suggests that some of the con-
straints for gene repression are relaxed. This observation
is compatible with the general notion that transformation
of RBLs to LCLs results in overexpression of many genes.
These data are also consistent with our own observations
about epigenetic control when analyzing DNA methylation
and histone modification changes during the EBV-mediated
transformation of B cells. In the case of DNA methyla-
tion we found that hypomethylation, and not hypermethy-
lation, occurs during this process (8) again reinforcing the
idea of relaxation of gene control. For histone modifications
and accessibility to endonucleases we also observed changes
that are compatible with increased gene expression, specif-
ically a decrease in heterochromatic histone modifications
and increased accessibility (9).

Our findings also indicate that the changes observed for
RBL transformed with wild-type EBV are common to other
similar situations. We noted a similar pattern of miRNA
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misregulation in B cells stimulated with IL-4/CD40L and in
B cells infected with EBV deficient for LMP-1 and EBNA-
2, the best characterized EBV proteins. In the first case, cells
are stimulated to proliferate at a similar rate to cells infected
with EBV. In B cells infected with these defective EBV par-
ticles, the initial steps toward transformation take place but
proliferation rates are much lower. However, all situations
share the stimulation of the NF-kB pathway and the com-
monalities in the misregulation of miRNAs suggest the role
of this pathway. Although our study has focused on the ele-
ments within the canonical pathway, EBV and CD40L also
stimulated the non-canonical pathway (49,50), which may
also be involved in miRNA misregulation. It is then likely
that LMP-1-deficient EBV make use of the non-canonical
NF-kB pathway and this could explain stimulation of com-
mon sets of miRNAs. This had been previously demon-
strated for miR-155 (34), in which the two binding sites at
the miR-155 promoter recruit NF-kB, which is stimulated
by LMP-1. In the case of EBNA-2- and LMP-1-deficient
EBV particles, it is thought that stimulation of the NF-
kB pathway occurs through LMP2A (6). The direct role of
NF-kB in the regulation of these miRNAs is supported by
the results obtained with both ChIP-seq data and individ-
ual ChIP assays and the observation that inhibitors for the
NF-kB pathway impair both miRNA expression changes,
as well as the binding of p65 and the changes in histone
modifications at the mRNA genomic sites during the trans-
formation of RBL with EBV. The implication of the NF-
kB in directly targeting miRNAs has previously reported
(34), however, to the best of our knowledge, our study is the
first evidence demonstrating a direct role of this pathway
in both targeting up- and downregulated miRNAs, as well
as the finding of direct changes in the histone modification
marks around the TSS of both groups of miRNAs. Previ-
ous studies have shown the ability of EBV and LMP-2 to
upregulate DNMT3b and drive hypermethylation in gastric
cancer (51), however, during infection of B cells from pe-
ripheral blood, we have been able to identify demethylation
events (8) and there are no changes at the miRNA genomic
sites.

The NF-kB pathway is relevant in the context of EBV-
transformation of B cells and is considered to be a ma-
jor pathway in lymphomagenesis, particularly in certain
types of lymphomas, including DLBCL, which are also
known to be associated with EBV infection. Comparing
the miRNA displaying significant change during the EBV-
mediated transformation of RBLs and those from the DL-
BCL and LN analysis revealed striking resemblances, sug-
gesting that the type of changes in miRNAs are common
to the two processes. This also applies to large sets of the
predicted targets for these miRNAs, reinforcing the notion
of the relevance of EBV and NF-kB in the pathogenesis of
DLBCL. Earlier studies have shown that ABC DLBCL are
more dependent on the NF-kB pathway (40). In this sense, it
was relevant to compare the miRNA expression profiles of
ABC DLBCL versus those from GC DLBCL. However, we
did not observe a significant difference between these two.
Recent studies have demonstrated that mutations in NF-kB
related genes account for deregulation of the NF-kB path-
way also in GC DLBCL (52).
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There is increasing evidence of a role for miRNAs in
proper B cell differentiation and in relation with the patho-
genesis of B cell lymphomas (13). Interestingly, among the
misregulated miRNAs in our model, i.e. the EBV-mediated
transformation of B cells, there are several well studied miR -
NAs known for their relevance in the biology and cell cy-
cle within the B cell compartment. For instance, miR-150
is associated with B cell differentiation and its upregula-
tion is negatively associated with the expression of C-MYB
(53). MiR-34a, one of the top upregulated miRNAs in EBV-
mediated B cell transformation, is known to target Foxpl
required for B cell differentiation (54). In this context, miR-
155 has also been associated with B cell differentiation (55).
Quiescent differentiated B cells have a restricted transcrip-
tion program in which only a limited set of genes (ubiqui-
tously expressed and cell type-specific genes) are expressed.
This progressive restriction of the transcription program, is
well known to occur during differentiation. EBV-mediated
transformation could therefore be viewed as a process in-
verse to that occurring during differentiation, and some of
the mechanisms involved are likely to act in an opposite di-
rection to those driving differentiation. Therefore, the acti-
vation of the aforementioned miRNAs, and the downreg-
ulation of a large number of miRNAs leading to the loos-
ening of repression of many genes would be consistent with
the type of changes occurring in transformed B cells. Our
analysis of miRNA targets has led to the identification of
genes that may play a key role in the transformation pro-
cess and in maintaining the phenotype in lymphoma cells,
including MKI167 and TRAF, targeted by at least three of
the downregulated miRNAs, and others like CCNDI, STIL
and PBK targeted by miR-150, miR-199a-5p and miR-28,
respectively. Overall, our findings indicate a close relation-
ship in the miRNA-mediated acquisition of the phenotype
in B cells and a connection between the transformation pro-
cess and the phenotype in lymphomas.
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